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1
Introduction

1.1. FROM CONVENTIONAL LIGHTING TO LED LIGHTING

Light plays an important role in our life. Apart from stimulating the visual system, which
enables us to see the world around us, light also affects our emotions and biological clock,
and as such, it is beneficial to human health, well-being, and productivity ([142, 118, 7]).
When indoor spaces cannot sufficiently be illuminated by natural daylight, artificial light
sources are used. In the past, several lighting technologies have been developed, resulting
in, for example, incandescent light and fluorescent light. More recently, LED (light-emitting
diode) lighting is being used both for general lighting and decorative lighting.

Conventional illumination technologies such as incandescent lighting convert the elec-
tric current to heat. When the filament is heated up to a specific temperature, it glows and
produces visible light, making it very energy-inefficient, as only less than 5% of the energy is
converted into visible light. So far, choices for the filament were rather limited (i.e., tung-
sten, halogen), and as a result, the spectral distribution of the emitted light was restricted.
Moreover, these light sources typically respond relatively slowly to the input current. LEDs,
on the contrary, offer a number of advantages compared to these conventional lighting
technologies. They typically have a long lifetime, a fast temporal response, a low power
consumption and they are produced from environmentally friendly materials. Furthermore,
they have a wide controllability in terms of spectral power distribution, spatial distribution,
color temperature, and temporal modulation. As a consequence, they can produce highly
saturated colors at improved spatial and temporal resolution. Specifically, this characteristic
has enabled the design of smart lighting that is adjustable to specific environments and
requirements ([118]) and has facilitated the design of radically new, dynamic and attractive
lighting atmospheres.

To understand the impact of dynamic and colored lighting on people, the concept of
Human Centric Lighting (HCL) has gained attention. Dynamic colored LED lighting can,
for example, be optimized to improve people’s cognitive performance, which has been
proven in educational settings such as classrooms [95]). Furthermore, LED-based HCL has a
richer variation of possibilities to create emotionally appealing and stimulating atmospheres,
leading to improved positive emotions ([102]).

1
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INTRODUCTION

1.1.1. WHITE LIGHT AND COLORED LIGHT

People usually prefer white light over colored light as the general illumination of an indoor
space, especially when reading, writing, or chatting ([146]). Obviously, white light comes
closest to natural daylight, which was the only available light source (apart from fire) for
many centuries. Later incandescent lamps and fluorescent lamps have been the standard
light sources for more than one and a half centuries, making us used to whitish light for our
daily-life activities. White light, in this respect, is considered as a collective concept: it can
differ both in illuminance level and in color temperature. Since the work of Kruithof ([65]) on
the preference of general lighting, extensive research has been done to explore the influence
of the intensity and color temperature of light on people’s task performance and affective
state. For example, Boyce et al. [8] found that elderly people perform better under light with
a higher CCT (6500 K) than a lower CCT (3000 K) when examing the charts of Landolt rings.
Yang and Jeon [162] found that a CCT of 4000 K leads to better working memory than a CCT
of 3000 K for male students. In the study of Huang et al. [46], it was found that a CCT of
4300 K resulted in significantly better focused and sustained attention than 2700 K and 6500
K. Compared to research on white light, research on the effects of colored light on human
beings is still limited. This might be due to the fact that it is unnatural and less preferable to
perform daily tasks under colored light. However, colored light, when applied as decorative
lighting, can contribute significantly to the atmosphere of an environment ([146]) and, as
such, also influence people’s mood ([43, 68]).

1.1.2. STATIC LIGHT AND DYNAMIC LIGHT

Both white light and colored light can be static or dynamic. In the past, general lighting has
been mainly static, and therefore it has received a lot of attention in literature. Dynamic
light is the application of dynamics in the intensity, chromaticity and/or spatial distribution
of the light. LEDs have enabled inexpensive ways to create dynamic lighting effects, and as a
consequence, understanding the perception and preference of these dynamics is drawing
more and more attention from both academia and industry.

For academia, LED-based systems have provided researchers more well-controlled
stimuli to explore the human visual system and the perception of dynamic light. Before
the era of LED lighting, the creation of dynamic light required complicated mechanical
devices such as a combination of mirrors and an episcotister ([140]) or a spinning polarizer
([55]) to generate flickering light stimuli. Nowadays, temporally modulated light is easily
generated with LED-based systems. For example, Sekulovski et al. [121] used LEDs driven
with pulse width modulation (PWM) to generate stimuli for temporal color perception. Eisen-
Enosh et al. [19] adopted a 5000 Hz sampling rate device to drive an LED for generating
stimuli to measure the critical-fusion frequency. Murdoch [96] adopted a multi-primary LED
system to research human visual adaptation to temporally dynamic light. Those research
opportunities would be almost impossible without an LED-based system.

For industry, dynamic colored light has been used in several applications, for instance,
to enhance the alertness of office workers ([7]), to create appealing light atmospheres
([40, 79, 97, 145]), and to enhance the immersive experience of displays, such as in the
Philips Ambilight TV ([115]). The Ambilight TV creates dynamic light effects around the
television screen that are aligned with the video content on the screen. It is an example
of the enhanced functionality that dynamic colored light can bring to displays and media
presentations, aimed at providing a more immersive and attractive viewing experience to
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1consumers ([120]).

1.2. HIGH-QUALITY DYNAMIC LIGHT

Dynamic light should have the following properties in order to be attractive to observers: (1)
the light should show pleasant color combinations, (2) the light should change smoothly
over time in luminance and/or chromaticity, and (3) the light should change at the desired
perceived rate of change ([97, 121, 120]). Recent research recommends that the lighting
design should also take into consideration the non-image-forming (NIF) effect of light on
our circadian rhythms ([56]). Although important, we consider the latter aspect outside the
scope of the current thesis.

1.2.1. COLOR PATH

Changes in luminance are one-dimensional: i.e., from low to high intensity or vice versa.
Changes in chromaticity, on the other hand, describe a path in a two-dimensional chro-
maticity space. For example, the chromaticity can change along a straight line between two
colors or along a curved line. The specific path used to go from one color to another is one
of the factors that determine the attractiveness of dynamic colored light. Vogels, Sekulovski,
and Rijs [144] found that the appealingness of chromaticity changes along a straight path
between two colors strongly depends on the type of color space that was used to define
the path, such as RGB and CIELAB. Hartog [40] performed an experiment-based study to
measure participants’ preferences for dynamic light and found that color and speed are the
most important parameters that people want to change to create dynamic light settings.
Despite the importance and still limited knowledge on this topic, we decided not to focus
on the preferred color path in this thesis, but rather to focus on the perceived speed of the
color transition.

1.2.2. SMOOTHNESS

LEDs are usually digitally controlled, which means that changes in luminance and/or chro-
maticity are implemented as small steps. A disadvantage of this property is that it may
introduce visible artifacts, such as jerkiness. Abrupt changes in light are common in specific
scenarios such as concert lighting and theatre lighting, but for most applications, they are
not experienced as pleasant. Therefore, light should preferably change smoothly over time
from one condition to another, both in luminance and in chromaticity. The preferred speed
of the transition may strongly depend on the context, but for any given speed, the light is
considered of high quality only if the transition is implemented without perceived flicker
or abrupt changes. Sekulovski et al. [121] found that the visibility threshold of smoothness,
i.e., the maximum color difference between two successive colors that is allowed in order
to perceive a temporal color transition as smooth, is about ten times smaller for lightness
changes than for chroma or hue changes in CIELAB. This means that CIELAB, which is a
commonly used color space for spatial color perception, is not a useful space to predict the
perception of dynamic colored light. Today, no color spaces are available that accurately
predict the visibility of color differences over time.
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1.2.3. CONTROLLABLE SPEED
Another property that influences the attractiveness of dynamic light is the perceived speed
of the color transition, i.e., the magnitude of the change in luminance and/or chromaticity
per unit of time ([120]). Preferably, this speed is controllable from slow transitions (e.g.,
over hours) to fast transitions (e.g., within seconds). Currently, the perceived speed of color
transitions has not been investigated systematically.

1.3. GENERAL RESEARCH GOAL
In this dissertation, we are mainly interested in the perceived speed of dynamic colored
light. This is a challenging topic since the perception of temporal color differences is far less
understood than the perception of spatial color differences. In the past, multiple color spaces
have been designed to define perceptual equality for spatial color differences. However, a
specifically designed color space for temporal color differences does not exist yet. Since
spatial properties of a visual stimulus are processed in different areas of the visual cortex than
temporal properties [57], it is unlikely that metrics developed for spatial color perception are
accurate in predicting temporal color changes. Thus, we need a human-vision based color
space to describe the perception of temporal changes in colored light. To approach this
challenge, we first give in Chapter 2 a more detailed overview on human color perception
and the characteristics of existing spatial color spaces.
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2.1. HUMAN VISUAL SYSTEM AND COLOR VISION

The general structure of the human visual system has been known for decades, and that
information is available in many standard textbooks (see, for example, [53, 148, 88]). Color
vision starts with the absorption of light in the retinal cone photoreceptors, which are
long-wavelength sensitive (L-cones), middle-wavelength sensitive (M-cones), and short-
wavelength sensitive (S-cones). The cones are much more concentrated in the central yellow
spot (known as the macula) of the retina: L- and M-cones are concentrated in the center of
the retina, with a density that decreases towards the periphery (Figure 2.1), while S-cones
peak in density just outside the center fovea [11]. Rods are absent in the fovea centralis (i.e.,
a 0.3-mm diameter rod-free area in the center of the macula), and rise to a high density away
from it, spreading over a large area of the retina. Rods are mainly active at low light levels
(i.e., between 10−6 and 10−3.5 cd/m2). Vision dominated by rods is known as scotopic vision,
while vision dominated by the cones at higher luminance levels (i.e., 10 to 108 cd/m2) is
known as photopic vision. At intermediate luminance levels (i.e., 10−3.5 to 10 cd/m2), vision
is facilitated by both rods and cones, which is referred to as mesopic vision.

Cones and rods transduce electromagnetic energy into electrical voltages, which are
then transformed into action potentials by a complicated network of cells in the retina [33].
The network of cells consists of horizontal cells, bipolar cells, amacrine cells, and ganglion
cells, as shown in Figure 2.2 for the cones only [21].

The signals from the retina are sent to the lateral geniculate nucleus (LGN) and then to
the occipital cortex via axons, which are known as optic radiation, the geniculocalcarine
tract, the geniculostriate pathway, or posterior thalamic radiation. This sketched high-level
outline from light in the eye to visual information in the brain may look straightforward, but
actual color perception is complicated, and not all details of the process are understood yet.
This is already true for a static image, let alone the complexity of understanding the visual
perception of a temporally modulated colored light signal. Concepts that are nonetheless
relevant for the perception of (dynamic) colored light are: trichromacy, color opponency,
and parvocellular, magnocellular, and koniocellular pathways. These concepts are explained
in more detail below.
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Figure 2.1: Distribution of rods and cones in the human retina (illustrated in a modified version from [98]).
The five boxes at the top show a cross-section through the outer segment of the photoreceptors at different
eccentricities. Cones have an increased density and decreased diameter of their outer segment towards the
center of the retina (i.e., the fovea).

2.1.1. TRICHROMACY

The trichromacy theory was proposed by Thomas Young in 1802 and further developed
by Herman von Helmholtz to finally become known as the Young-Helmholtz trichromatic
theory. The main reason that human vision is trichromatic is because of the existence of
three types of cone photoreceptors that together are responsible for color perception. These
photoreceptors have a univariant output, which means that any photon that is absorbed
by the photoreceptors has the same effect on its firing rate as any other absorbed photon,
independent of its wavelength. What does differ between the three types of cones, however, is
the probability that a photon with a given wavelength is absorbed. The relation between this
probability and the wavelength of the photon is described in the so-called spectral sensitivity
function. Figure 2.3 shows the spectral sensitivity function for the L-cones, M-cones, and
S-cones separately. A consequence of the univariant nature of cone photoreceptors is that
the photoreceptor response is determined both by the intensity of the light (which is related
to the number of photons) and by the wavelength of the photons (which determines the
chance of a photon being absorbed).

2.1.2. COLOR OPPONENCY

The Young-Helmholtz trichromatic theory is able to explain and describe various funda-
mental properties of the human visual system. For instance, two light fields with a different
spectral distribution can be perceived as having the same color, which is called metamerism.
Color matching experiments have shown that a test field composed of a single wavelength
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Figure 2.2: A diagram that shows the vision signal path from the receptors to the optical nerve. Adapted from
[21].

Figure 2.3: Normalized cone spectral sensitivities for the S-cones (blue), M-cones (green) and L cones (red)
(Dataset retrieved from: http://www.cvrl.org/).

can be matched with an adjacent field by adjusting the relative intensity of three light sources
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of different wavelengths. On the other hand, the trichromatic theory cannot explain several
other human vision phenomena, such as the afterimage effect. For instance, after looking at
a red light for several minutes, a white object appears to be greenish. In 1874 Ewald Hering
proposed the color-opponent theory to explain this effect. According to this color-opponent
theory, color is encoded as three relative cone outputs, as shown in Figure 2.4. The red-green
channel is given by the L-M+S contribution, while the yellow-blue channel is given by the
S-(L+M) contribution. L+M+S represents the luminance channel (or the achromatic chan-
nel). Since, in many cases, the S-cone input is negligible for the red-green and achromatic
channels, simply L-M and L+M are accepted to represent those two channels. However,
some researchers argue that also S-cones contribute to the luminance channel under cer-
tain conditions [109]. In the most simple model of the color-opponency theory, all cone
contributions are evenly weighted. However, the cone weights for the different channels
are not fixed and vary, among other things, between foveal and peripheral vision [114]) and
among individuals [130].

Figure 2.4: Photoreceptoral processing and color opponency. Schematic illustration of the encoding of cone
signals into opponent-color signals. A stands for the achromatic channel, R-G stands for the red-green channel,
while Y-B stands for the yellow-blue channel.

At the time that Ewald Hering proposed his color-opponency theory, it conflicted with
the Young–Helmholtz trichromatic theory. Later we discovered that both theories could be
combined since they describe different stadia of visual processing. Because of their com-
plementary value, both color representations (i.e., LMS and the three opponent channels)
currently co-exist. One should realize that although there has been a lot of psychophysical
evidence that supports the color-opponent theory (for example, the existence of separa-
ble ON and OFF processing pathways [91]), the physiological basis of the color-opponent
mechanisms remain unclear [124, 161]. In addition, for explaining adaptation effects, the
color-opponency theory is not entirely satisfactory [91].

2.1.3. MAGNOCELLULAR, PARVOCELLULAR, AND KONIOCELLULAR PATHWAYS
In order to know how temporal information is processed in the visual system, we need to de-
scribe the properties of the visual pathways. Recently, anatomical and electrophysiological
studies have revealed that there are three pathways from the retina to the LGN with different
spatial and temporal properties: the magnocellular (MC), parvocellular (PC), and koniocel-

8



2.1. HUMAN VISUAL SYSTEM AND COLOR VISION

2

lular (KC) pathway [73, 99, 128]. MC, PC, and KC pathways are formed of morphologically
distinct cellular layers that receive information from different types of retinal ganglion cells
and project to different layers in the primary visual cortex [86]. Although evidence has
accumulated that simple and direct associations between physiological responses and per-
ceptual properties are difficult to establish [86], there has been a growing consensus about
the link between the parvocellular pathway and the chromatic L-M channel and the link
between the magnocellular pathway and the luminance channel (L+M). The koniocellular
pathway is sensitive to S-cones but is less understood yet.

Figure 2.5: A simplified model of parvocellular (PC), magnocellular (MC), and koniocellular (KC) pathways.
(a) The PC pathway responds to the relative, opposing variations in L- and M-cone input (i.e., L - M input,
which roughly corresponds to “red-green” variations); (b) The MC pathway responds to the overall change in L-
and M-cone input (i.e., L + M input, which roughly corresponds to luminance variations); (c) The KC pathway
responds to the relative, opposing variations in the S-cone input against the overall L- and M-cone input (i.e.,
S - (L + M) input, which roughly corresponds to “yellow-blue” variations). The sizes of the receptive fields at
the output of the pathways are approximate and not to scale. Adapted from [131].

The magnocellular pathway has a high temporal resolution, low spatial resolution, high
contrast sensitivity, and no color sensitivity, whereas the parvocellular pathway has a mod-
erate temporal resolution, low contrast sensitivity, excellent spatial resolution, and high
red-green color sensitivity [127]. The general network model of the pathways is described in
[131, 32] and shown in Figure 2.5.
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2.2. COLOR SPACES

2.2.1. INTRODUCTION
To enable precise color reproduction in both scientific studies and real-world applications,
there is a clear need to describe the perception of color in a mathematically sound way,
which is exactly what the field of colorimetry is doing [21]. Before the introduction of
colorimetry, color order systems such as the Munsell system provided a means to specify
colors in terms of their appearance in values as lightness, hue, and chroma (i.e., Munsell
Value, Munsell Hue, and Munsell Chroma). However, the lack of a sound mathematical
framework in color order systems limited the possibilities of reproducing the same color
perception under different viewing conditions.

Based on colorimetry, color scientists developed multiple color spaces, i.e., mathematical
models that aim to describe perceived color in a quantitative way. First of all, these models
assume a standard observer, which represents the average behavior of a specific target group
based on empirical data. Secondly, an important requirement of these color spaces is that
the Euclidian distance between two points in a color space is a representative measure
for the perceived color difference between these points, independent of the location and
direction in the color space. In order to measure and express perceived color difference, the
concept of just-noticeable difference (JND) is used. The JND for a specific color corresponds
to the smallest deviation from this color that can be distinguished by a human observer. In
an ideal color space, the JND is equal everywhere in the color space and, therefore, does not
depend on the location in the color space. A color space that fulfills this property is called
perceptually uniform.

Unfortunately, the earlier color spaces (such as CIE 1931 XYZ and CIE 1976 Uniform
Chromaticity Scales (UCS), see also Section 2.2.2) were not perceptually uniform, and so
Euclidian distances in one part of the space resulted in a larger or smaller perceived color
difference than in another part of the space. Furthermore, as Fairchild [21] pointed out, these
color spaces could not provide us with a numerical description of the (relative) appearance
of colors or how the appearance of colors changed under different viewing conditions.
Therefore, in the late 1970s, color appearance models were developed. CIELAB and CIELUV
were the first color spaces that could be considered as a color appearance model because
they took adaptation to a reference white into account, and they expressed color appearance
in terms of hue, saturation (or chroma), and lightness. Although the latter might sound
simple, in practice, this turns out to be more difficult because these color characteristics are
not perceptually independent. For example, Stalmeier and Weert [129] noted that when the
saturation of an object increases, the perceived brightness also increases, which is known as
the Helmholz-Kohlraush effect. Conversely, the perceived saturation of a color increases
with its luminance level, also known as the Hunt effect [25]. Hence, there is not yet a perfect
model for describing color appearance in terms of three perceptually independent values.

Colorimetry has long focused on perceptual differences between colors in the spatial
domain, i.e., for color patches presented next to each other, and so in spatial coexistence.
The resulting color spaces can be considered as spatial color spaces and can be used, for
example, to make smooth spatial color transitions. In this thesis, we focus on dynamic
colors, in other words, on temporal color transitions. Hence, to describe the perception of
temporal color changes, we need a temporal color space. There is, however, currently no
validated color space for predicting the perception of color changes over time.

In the next section, we give a summary of the development of commonly used spatial
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color spaces, since they can be used as a source of inspiration for the development of a
temporal color space.

2.2.2. OVERVIEW OF COMMONLY USED COLOR SPACES
Several color spaces have been defined in the past, each with their own advantages and
disadvantages. Below we give a brief historical overview of the development of color spaces.

CIE 1931 XYZ COLOR SPACE

In the 1920s, two color matching experiments were independently carried out by Wright
[160] and Guild [37]. The color matching experiments were carried out using a 2-degree
bipartite field, where one side of the field was illuminated by monochromatic light with
a known wavelength, while the other side was illuminated with a combination of three
lights using additive color mixing, each representing a primary source of red, green and
blue light. The task of the participant was to adjust the relative amount of the three primary
light sources to match the monochromatic light (as shown in Figure 2.6). The results of
these color matching experiments described how to weight the three primary colors in order
to match any monochromatic color, resulting in functions that are now known as Color
Matching Functions (CMFs).

Figure 2.6: The classical color matching experiment: a process of determining a unique RGB triplet for each
stimulus. At the left side of the bipartite field, a uniform stimulus with monochromatic light of a known
wavelength is projected. At the right side, a perceptually equal uniform stimulus needs to be generated by
additive mixing of three lights with known primaries.

Although different primaries and different intensity levels were used in Wright and Guild’s
experiments, their results were summarized as the standardized CIE RGB color matching
functions r (λ), g (λ), and b(λ) by the CIE in 1931. The mathematical calculations were based
on Grassman’s first law of color mixture [35], which states that any color can be matched
by a linear combination of three other colors, provided that none of those three can be
matched by a combination of the other two. Specifically, the CMFs are the amounts of three
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monochromatic primaries at standardized wavelengths of 700 nm (red), 546.1 nm (green),
and 435.8 nm (blue) needed to match the monochromatic test primary. These CMFs form
the basis of the CIE RGB color space (Figure 2.7).

Figure 2.7: The color matching functions r (λ), g (λ), and b(λ) of the CIE 1931 RGB color space.

A disadvantage of the CIE 1931 RGB space, like any other RGB space, is that it depends on
the specific choice of the primaries, making it device-dependent. As a result, the same RGB
triplet may represent a different color in a different device. In addition, the negative values
in r (λ) were inconvenient in computations. Therefore, three imaginary primaries X, Y, and
Z were defined such that they eliminated the negative values in the CMFs, i.e., x(λ), y(λ)
and z(λ)(Figure 2.8). X is chosen to be a mix of the three CIE RGB color matching functions,
such that they are non-negative. Z is quasi-equal to b(λ) of the CIE RGB color matching
functions, while Y is the luminance when calculated with the photopic luminous efficiency
function V (λ) of the standard observer. The advantage of setting Y as the luminance is that
for any given Y -value, the XZ-plane contains all possible chromaticities at this luminance.
The transformation from RGB to XYZ is linear and given by Equation 2.1.

X
Y
Z

= 1

0.17697

0.49000 0.31000 0.20000
0.17697 0.81240 0.01063
0.00000 0.01000 0.99000

R
G
B

 (2.1)

In the XYZ color space, each color is defined as a weighted combination of the three
imaginary primaries X, Y, and Z, where the weights are labeled as the tristimulus values.
Since a 2-degree bipartite field was used, this set of CMFs is also known as the 1931 CIE 2°
CMFs. By normalizing the XYZ values by the sum of X, Y, and Z, the CIE xyY color space was
derived, using the following equations:
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Figure 2.8: CIE 1931 XYZ color matching functions, which consist of x(λ), y(λ) and z(λ).



x = X

X +Y +Z

y = Y

X +Y +Z

z = Z

X +Y +Z
= 1−x − y

(2.2)

In the notation xyY, Y is the luminosity, or luminance of a color, while the two param-
eters x and y are defined in a plane perpendicular to this luminance axis and denote the
chromaticity of a color. This xy-plane is known as the CIE 1931 xy chromaticity diagram,
shown in Figure 2.9.

The CIE 1931 XYZ is a more useful color space to describe color in absolute terms than
any of the RGB color spaces since the primaries are fixed and, therefore, independent of the
properties of the device that produces the color. However, the JNDs in color are not the same
across the entire color space. MacAdam [84] demonstrated this non-uniformity by fitting
ellipses through the color points that were perceived as identical with respect to a given base
color (represented by the center of the ellipse) at different locations in the xy chromaticity
diagram (Figure 2.10(a)). These ellipses are now known as the MacAdam ellipses. Many
color scientists have formulated adaptations to the CIE 1931 XYZ color space since then,
aiming at making the MacAdam ellipses more circular.

CIE 1976 UCS COLOR SPACE

One attempt to make the CIE 1931 XYZ color space more perceptually uniform for colors
at approximately the same luminance is the CIE 1976 UCS color space (see Figure 2.10(b)).
The luminance corresponds to Y, while the chromaticity is expressed in u′ and v ′ and can
be calculated from the tristimulus values of XYZ (or from the chromaticity coordinates xy)
according to the following equations:
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Figure 2.9: CIE 1931 xy chromaticity diagram. The edge of the diagram, indicated by the dashed line, is called
the spectral locus and represents monochromatic light. The solid line represents “line of purples”. The colors
on this line and the colors inside the diagram can only be produced by color mixture.


u′ = 4X

X +15Y +3Z
= 4x

−2x +12y +3

v ′ = 9Y

X +15Y +3Z
= 9y

−2x +12y +3

(2.3)

CIELAB COLOR SPACE AND CIELCH COLOR SPACE

Another attempt to create a color space that is based on the quantification of perceived
color differences resulted in the CIE 1976 L∗ a∗ b∗ color space, referred to as CIELAB. An
important distinction with earlier spaces is that it is a relative color space, where colors are
described in relation to their viewing conditions. As such, CIELAB can be considered as a
color appearance model. CIELAB uses lightness (L∗) to describe the brightness of a color
relative to the brightness of a similarly illuminated white area, called the white point. The
chromaticity is represented by a∗ and b∗, where a∗ refers to the redness or greenness, and
b∗ refers to the yellowness or blueness of the color. It is important to realize that the a∗

and b∗ axes do not exactly correspond to the aforementioned red-green and blue-yellow
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Figure 2.10: (a) MacAdam ellipses in CIE 1931 xy chromaticity diagram (b) MacAdam ellipses in CIE 1976 UCS
chromaticity diagram. All the chromaticity points at any ellipse are 5 JNDs different from the center point.

opponent channels. The conversion from CIE 1931 XYZ to CIELAB is as follows:



L∗ = 116 f

(
Y

Yr

)
−16

a∗ = 500

(
f

(
X

Xr

)
− f

(
Y

Yr

))
b∗ = 200

(
f

(
Y

Yr

)
− f

(
Z

Zr

)) (2.4)

where

f (t ) =


3pt if t > 0.00856

7.78707t +0.13793 otherwise

and (Xr ,Yr , Zr ) refers to the tristimulus values of the white point.

CIELAB provides a relatively good computational model for predicting perceived (spatial)
color differences (see Figure 2.11). The color difference metric is commonly abbreviated as
∆E∗

ab ("Delta E") and is generally implemented as the Euclidean distance in CIELAB, defined
as:

∆E∗
ab =

√
(∆L∗)2 + (∆a∗)2 + (∆b∗)2 (2.5)

Since perceived colors are usually not described in terms of redness or blueness but
rather in terms of hue (or the tint of a color), saturation (or the degree of chromaticity
of a color), and its brightness (or lightness), the CIE (L∗ C∗ h) color space, referred to as
CIELCH, was defined as a derivative of the CIELAB color space. In this color space, colors
are characterized by their lightness (L∗), chroma (C∗), and hue (h), which are defined as:
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L∗ = L∗

C∗ =
√

a∗2 +b∗2

h =


arctan

(
b∗

a∗

)
if arctan

(
b∗

a∗

)
> 0

arctan

(
b∗

a∗

)
+360° otherwise

(2.6)

The CIE has also standardized several color difference metrics based on the CIELCH
color space, namely the CIE94 and CIEDE2000 color difference metrics. The CIE94 ∆E∗

94
introduced different weights for the difference in L∗, C∗, and h between two colors. The
CIEDE2000 ∆E∗

00 added an additional rotation term to account for the non-uniformities in
the bluish region of the color space, as visible in Figure 2.11.

Figure 2.11: MacAdam ellipses in CIELAB (Figure retrieved and adapted from https://fujiwaratko.sakura.
ne.jp/infosci/lab_e.html).

PHYSIOLOGICALLY BASED COLOR SPACE

The above-mentioned color spaces were all derived from psychophysical experimental data.
As such, they do not reflect the underlying physiological mechanism of how a light signal
is processed. In an attempt to remain closer to the color-opponent theory, Derrington,
Krauskopf, and Lennie [12] studied how S-, M-, and L-cones contributed to the opponent
responses in the LGN of monkeys. They defined a color space with three orthogonal axes, of
which the intersection corresponded to the white point. The axes represented the luminance
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axis (L + M), the S-cone excitation axis [S – (L + M)], and the L- or M-cone excitation axis (L –
M), which are illustrated in Figure 2.12. The resulting color space is now commonly dubbed
as the DKL space. It has proven its value in the vision science community, especially for its
easier manipulation of stimuli. For example, modulation along the L – M axis is invisible to
S-cones Rinner and Gegenfurtner [108]. Similarly, modulation along the S – (L + M) cone
axis changes the excitation of S-cones only and is invisible to L- and M-cones.

Figure 2.12: The axes of the DKL color space, namely L-M, S-(L+M), and L+M.

Similar to the CIE 1931 xy chromaticity diagram, one can also define a physiologically
based chromaticity diagram. In the MacLeod-Boynton chromaticity diagram [85], the two
axes are l (= L/(L+M)) and s (= S/(L+M)), as shown in Figure 2.13.

2.3. TEMPORAL COLOR CHANGES
As mentioned in Chapter 1, artificial light can be made dynamic by changing its intensity,
chromaticity, or spatial distribution. These temporal changes can be periodic or non-
periodic and can have various speeds. For example, temporal changes can be very fast,
such that only the colors at the start and the end of the transition are perceived, and not
the intermediate colors. At the other end of the scale, temporal changes can be very slow,
such that the transition is hardly noticeable, as might happen for changes in daylight. In this
thesis, we are mostly interested in transitions with intermediate speeds.

Existing literature mostly focuses on the two extreme rates of change. There is an exten-
sive body of literature on the visibility (and annoyance) of very fast periodic changes, also
known as flicker. More technically, the term “flicker” is defined by the CIE as “the impres-
sion of unsteadiness of visual perception induced by a light stimulus whose luminance or
spectral distribution fluctuates with time” [48]. Both luminance flicker and chromatic flicker
have been extensively studied. Most literature concerns luminance flicker, mainly because
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Figure 2.13: MacLeod-Boynton chromaticity diagram. The values along the spectral locus are in nanometer.
The line of purples is defined as the straight-line tangent to the spectrum locus at a wavelength of 409.7 nm
and ending at the spectrum locus with a wavelength of 703.3 nm.

human vision is far more sensitive to temporal changes in the achromatic channel than in
the chromatic channels at high frequencies [136]. A useful way to visualize the sensitivity
to fast periodic changes is the temporal contrast sensitivity function (TCSF), where the
sensitivity to flicker (i.e., the inverse of the Michelson contrast of the visibility threshold) is a
function of the frequency of the fluctuation. The sensitivity to luminance flicker is typically
a bandpass-shaped function of temporal frequency, while the sensitivity to chromatic flicker
exhibits a low-pass-shaped function.

For intermediate and slow transitions, smoothness is a more important characteristic
[97, 120]. Sekulovski et al. [121] introduced “Delta-E-ab per second” to describe the speed of
temporal color transitions. In order to be a useful metric, any temporal color transition with
discrete color steps of 1 ∆E∗

ab per time unit would be perceived as smooth and as having a
constant rate of color change during the entire transition. Sekulovski et al. [121], however,
demonstrated that the maximum ∆E∗

ab/s that is allowed to make a luminance transition
perceptually smooth is a factor 10 smaller than for transitions along a chromaticity direction.
This implies that ∆E∗

ab is not a uniform measure for describing temporal color differences.

Sekulovski et al. [121] also investigated the relationship between the perception of slow
and fast transitions. They measured the smoothness thresholds for linear temporal light
transitions and the visibility thresholds of chromatic flicker at the same base color. They
found a high correlation between both types of dynamic transition, suggesting that knowl-
edge on flicker perception can be used to develop a model predicting the perception of
gradual changes in light.

2.4. RESEARCH QUESTIONS AND STRUCTURE OF THE THESIS

Different chapters are based on different publications and are not arranged in a chronological order.
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We argued above that the latest attempts to define a perceptual uniform color space (such as
CIELAB) were designed to predict the appearance of colors when stimuli are presented side
by side. We have addressed the concept of uniformity many times, and it has become clear
that the perceived difference between two colors should be proportional to the distance
(usually Euclidian) within a perceptually uniform color space. Sekulovski et al. [121] have
shown that CIELAB (or its derivative CIELCH) is not uniform for describing the perception
of temporal color differences. Hence, there is a need for a new temporal color space. To
the best of our knowledge, this challenge is not yet addressed in the literature. Therefore,
the long-term goal of this project is to develop a temporal uniform color space, in order to
create smooth dynamic light effects with well-defined perceived speed. This challenge has
two aspects: (1) each color transition should be perceived as smooth, and (2) the perceived
speed of the transitions should correspond to the intended speed, which may be constant
throughout the whole transition for some applications, but it may also change during the
transition for other applications. In this thesis, we provide data that will contribute to
the formulation of a uniform temporal color space in order to fulfill both requirements of
dynamic light. The outline of this thesis is as follows.

In Chapter 3 and Chapter 4 we describe two studies that measured the perceived speed
of several temporal colored light transitions with a fixed change in ∆E∗

ab per second. We
expected that transitions with the same ∆E∗

ab per second are not necessarily perceived as
having the same speed, as a similar effect was found for smoothness perception and flicker
[121]. In the experiments, we generated linear colored light transitions in CIELAB around
several base colors that changed either along the hue direction (i.e., constant lightness and
chroma) or along the chroma direction (i.e., constant lightness and hue). The experiments
addressed our first research question, being: what is the effect of direction (i.e., chroma
and hue) and location in the color space (i.e., base color) on the perceived speed of a colored
light transition? Once a perceptually uniform temporal color space is available, it should be
able to predict the outcome of these experiments.

In Chapter 5, we started to collect data for developing a temporal color space. Even
though our focus was on transitions with intermediate speed, we decided to measure the
sensitivity to fast transitions, more specifically to chromatic flicker. First of all, the effects of
base color and modulation direction were found to be similar for both relatively slow and
fast colored light transitions despite the difference in absolute threshold [121]. Secondly,
participants found the task to determine the visibility threshold for chromatic flicker much
easier than for smoothness. Chromatic flicker thresholds are expressed as the smallest
amplitude of a sinusoidal modulation that results in perceived flicker. Ideally, this amplitude
is the same for a modulation in any direction around any base color in the color space, which
means that the requirement of uniformity should be met both locally and globally. This
implies that a large amount of data should be collected, in order to assure that those data are
representative for the whole color space. In order to avoid a high burden for the participants
of our experiments, we needed to establish an efficient but accurate measurement method.
Although several psychophysical methods have already been compared in literature, the
conclusions were not consistent and depended on the type of stimulus. Therefore, we
compared several commonly used psychophysical methods to quantify chromatic flicker
thresholds. This resulted in our second research question, being: what is an efficient yet
accurate method for measuring large amounts of subjective data, and in our particular case
for measuring perceived flicker of colored light modulations?
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In Chapter 6, the most optimal measurement method was used to collect data on the
visibility of chromatic flicker. As there are countless possibilities to create chromatic flicker,
e.g., by varying the sinusoidal modulation in multiple directions at multiple temporal fre-
quencies around multiple base colors, we needed to find a logical and smart way of limiting
the experimental parameters. Previous research has shown that the effect of frequency on
flicker sensitivity can be modeled as a temporal contrast sensitivity function (TCSF), which
generally corresponds to an exponential function. When the TCSF is known for a number
of base colors that are equally distributed in the color space and a number of modulation
directions, we can select a few representative frequencies in follow-up studies and reduce
the number of stimuli. Therefore, our third research question was: can we use one and the
same model to describe the effect of temporal frequency on the visibility of chromatic flicker
for a wide range of chromatic modulations, and, do the parameters of the model depend on
base color and modulation direction? To address this research question, we measured the
visibility threshold of chromatic flicker for nine base colors at four modulation directions
(orthogonal in CIE 1976 UCS chromaticity diagram) and seven temporal frequencies for
three participants.

The data could be modeled by several exponential functions with a high goodness-of-fit,
where the two parameters of the model (i.e., slope and intercept) depended on base color
and modulation direction. This means that theoretically, only two temporal frequencies
are needed for measuring the TCSF for a specific combination of base color and modula-
tion direction. It also shows that the measure used to quantify contrast sensitivity is not
appropriate to define one TCFS for the entire color space. Therefore, our fourth research
question was: what is a suitable contrast measure to unify the parameters of the TCSFs?
In addition, large individual differences were found, not only in the absolute thresholds
but also in the rate (or slope) at which the thresholds decreased with frequency. This led
to our fifth research question: can we reduce individual differences in TCSF by taking into
account individual cone spectral sensitivities? In Chapter 7, we addressed both questions by
collecting more chromatic flicker thresholds for more participants. The data were analyzed
by taking into account estimated individual cone spectral sensitivities and by comparing
different contrast measures.

The above-mentioned studies had provided us new and useful insight on constructing a
temporal uniform color space. In Chapter 8, we describe a general framework and require-
ments for constructing such a temporally uniform color space. In addition, we reflect on
our research questions, summarize the general conclusions, and discuss ideas for further
research.

20



3
Perceived Speed of Changing Color in Chroma
and Hue Directions in CIELAB

In dynamic LED lighting, the perceived speed of changing color is an important concept;
however, there exists no suitable temporal color space. In a psychophysical experiment,
we compared the perceived speed of periodic temporal transitions in CIELAB chroma and
hue directions around five base colors [the five Munsell hues: 5R (red), 5Y (yellow), 5G
(green), 5B (blue), and 5P (purple)]. The experiment was conducted in a light laboratory,
with the main illumination stimulus subtending a visual angle of 101×77 deg. In sequential
paired presentations, observers were asked to identify which transition appeared faster, and
points of subjective equality between transitions were computed. The speed of transitions
was defined in CIELAB ∆E∗

ab/s was shown to be temporally non-uniform; uniformity was
improved using a modified color space based on speeds in the DKL space of Derrington et
al. [12].

This chapter is copied with (slight) adaptations from Journal of the Optical Society of America A, Volume
36, Number 6, 1022-1032 (2019) as: "Perceived Speed of Changing Color in Chroma and Hue Directions in
CIELAB", Xiangzhen Kong, Michael J. Murdoch, Ingrid Vogels, Dragan Sekulovski, and Ingrid Heynderickx [61].
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3.1. INTRODUCTION
The development of light-emitting diode (LED) technology has enabled easy and inexpensive
ways to create dynamic colored light. As a result, dynamic colored light is nowadays used in
several applications, for instance, to enhance the alertness of office workers [7], to create
appealing light atmospheres [145, 40, 97, 79], and to enhance the immersive experience
of displays, such as in the Philips Ambilight TV [115]. In most of these applications, the
light has to fulfill (at least) the following two requirements in order to be attractive to
observers: the light should change smoothly over time, in luminance and/or chromaticity,
and the light should change at the desired rate of change (or speed) [97, 121, 120]. Several
studies have investigated how people perceive smoothness of dynamic light generated with
limited temporal resolution [121], subtlety of dynamic light [97], and its attractiveness [145].
However, it is not known yet how to describe the perceived rate of a temporal change in color.
For instance, if we want to generate a temporal light transition with a constant perceived
rate of change, we need to know what is perceived as an equal amount of change in color
per time unit.

Color science has long focused on perceptual differences between colors in the spatial
domain, leading to metrics such as CIEDE94 and CIEDE2000 that describe the magnitude
of a color difference for spatially separated colors. These metrics are formulated in the
perceptually uniform CIELAB color space. Although the uniformity of the CIELAB color
space is not perfect (since it depends, among other things, on hue [67]), this color space is
considered useful for describing how to make smooth spatial color gradients. Since there is
currently no validated model for temporal color perception available, it is most reasonable
to use CIELAB to describe temporal color changes as well, and to express the speed of a color
transition in terms of ∆E∗

ab/s. This was done for the first time in 2007 by Sekulovski et al.
[121], who measured the maximum color difference between successive colors at which a
temporal color transition was still perceived as smooth. When the smoothness threshold was
expressed in terms of ∆E∗

ab/s, a linear relationship was found with the temporal frequency.
However, the smoothness threshold was a factor of 10 lower for temporal changes in lightness
compared to changes in hue and chroma. This means that the CIELAB color space is quite
non-uniform for describing temporal color differences. Therefore, the question remains
how to describe the speed of a temporal color transition in a perceptually uniform way.

Existing literature on speed perception cannot be used to answer this question since
it manipulates other (for the purpose of our study irrelevant) stimulus characteristics. For
example, a few studies have measured the sensitivity to changing luminance for achromatic
Ganzfeld stimuli (e.g., [58]). Here, log luminance per min was used as a metric for describing
the temporal change in luminance. However, in this study, we are interested in the sensi-
tivity to changing chromaticity. In addition, a large amount of literature exists on motion
perception for spatiotemporal stimuli, for which speed can be expressed as degrees per
second (where “degrees” refer to the spatial distance in terms of visual angle). However, we
want to know the perceived speed of a light transition for a (ideally) homogeneous light
stimulus. Since the spatial structure of the stimulus is constant, there is no change in visual
angle.

Our long-term goal is to develop a universal metric for describing the perceived rate of
a temporal color change. In this study, we aim to present new data on speed perception
using temporal stimuli defined in CIELAB and evaluate how well existing color models, both
CIELAB and cone spaces including LMS and Derrington, Krauskopf, and Lennie (DKL) [12]
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describe the results. Therefore, we conducted a psychophysical experiment in which we
measured the perceived speed of temporal linear color transitions in chroma and hue at
constant lightness in the CIELAB color space. In order to quantify the perceived magnitude
of the speed, several stimuli (with different speeds) were compared to a reference stimulus
(with a fixed speed), and the point of subjective equality (PSE) in speed was determined. As
expected, none of the models just mentioned were suitable for predicting perceived rate of
color change. We propose a straightforward adjustment to these models and evaluate which
model is the most promising for further improvement and validation.

3.2. METHODS
The experiment was designed to find the PSE of speed between different color transitions.
To do so, a two-interval forced-choice task was used. More particularly, participants were
instructed to compare the perceived speed of two temporal color transitions (i.e., a reference
stimulus and a comparison stimulus). The transitions varied either in CIELAB chroma or
hue direction around a base color point. Five base color points were used, corresponding
to the principal Munsell hues 5R (red), 5Y (yellow), 5G (green), 5B (blue), and 5P (purple)
[21]. We limited ourselves to two types of stimulus pairs: (1) one stimulus was modulated
in the chroma direction and the other stimulus in the hue direction around the same base
color point, referred to as CH-comparison; (2) the two stimuli were both modulated in the
hue direction around two different base color points, referred to as HH-comparison. A third
possible type of comparison, namely CC-cmparison (i.e., two stimuli both modulated in the
chroma direction around two different base color points), were omitted in this experimental
design to limit the experimental time for the subjects, and because higher-amplitude CC
stimuli would have resulted in out-of-gamut colors in some conditions. The method of
constant stimuli was used to find the PSE of speed with respect to the reference stimulus
by fitting a psychometric function through the percentages “the comparison stimulus is
faster than the reference stimulus”, averaged over the participants. The experiment used a
full-factorial within-subject design with 26 participants.

3.2.1. EXPERIMENTAL SETUP

Figure 3.1: Photograph of the DVA Lab with a neutral white 4000 K light setting. The red dots added to the photo
indicate the positions on the wall that were measured; the larger dot shows the location of the characterization
measurements.

23



3

PERCEIVED SPEED OF CHANGING COLOR IN CHROMA AND HUE DIRECTIONS IN CIELAB

The experiment was conducted in a laboratory (see Figure 3.1) that is designed to study
dynamic color perception and adaptation, dubbed the Dynamic Visual Adaptation (DVA)
Lab of the Munsell Color Science Lab of Rochester Institute of Technology. The DVA Lab is
a 3.66 m × 4.27 m× 2.44 m (length × depth × height) room with a variegated gray carpet
and four white walls without a window. All the walls are painted with a matte white paint
having an average reflectance of 93%, and the floor has an average reflectance of 7%. One
of the long walls consists of three sliding wooden panels 2.4 m wide, which can be opened.
The room is equipped with a five-primary (red, green, blue, mint green, white: RGBMW )
LED lighting system that can be addressed at 40 Hz to create smooth temporal changes. The
lighting system consists of 14 Philips SkyRibbon wall-washing fixtures that are mounted in
the ceiling to illuminate the lab’s walls, resulting in a smoothly non-uniform illumination
pattern. The uniformity was assessed via spectral measurements at positions spaced 30 cm
apart, noted by red dots in Figure 3.1; the larger red dot is the location of the brightest region
of the wall, where the spectral characterization data used to model the lighting system were
measured. Vertically, the point above and the two points below the reference were all above
70% of the reference luminance, and the top and bottom points were 38% and 40% of the
reference. Horizontally, the central nine points (the middle 2.8 m of the wall) all measured
above 86% of the reference luminance, and the outermost points reached 38%. Chromaticity
uniformity is described in Section 3.2.6 below, after the color stimuli are explained. More
information about the lab is described elsewhere [96]. We intentionally chose a full room
setting instead of the often used 2°or 10°stimuli, since dynamics in general lighting are more
realistically represented with a larger field of view; similarly, we allowed participants to look
freely around the illuminated wall.

3.2.2. STIMULI
The stimuli were periodic temporal color transitions around a base color point in the chroma
or hue direction of the CIELAB LCh color space [see Figure 3.2(a)]. The color changed every
∆ t seconds with a step size S over a full period of 3 s, which was found in pilot experiments
to be both long enough to be visibly changing and short enough to allow many stimulus
presentations in a manageable experiment length. The color transition was shown as five
full periods of a triangular wave to allow for easier judgements on the speed of the transition.
The sharp edges of the triangular wave were smoothed, as indicated by the regions R∗ in
Figure 3.2(b). This was done in order to avoid abrupt changes that might influence the
perception of speed, as suggested in [121].

Each cycle had a fixed number of discrete steps (N = 120), and each step was shown
for a fixed period ∆t = 0.025 seconds. Thus, the stimulus lasted for 15 (i.e., 5×120×0.025)
seconds. 10% (i.e., p = 0.1) of this stimulus duration was used for smoothing the abrupt
color change. Hence, the stimulus consisted of N × (1−p) number of steps with a fixed step
size S and N ×p steps with variable step size S∗ = S

2i (1 É i É N ×p). The color transition
speed (CTS) is defined as the speed of the linear part of the transition and is calculated as

C T S = S

∆t
≈ A

T
(3.1)

with A being the amplitude of the transition and T the duration of one half of the cycle (i.e.,
1.5 s). In our experimental design, the duration of the transition was fixed, and the speed
of the color transition was implemented by changing the amplitude of the transition [see
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Figure 3.2: (a) Chroma and hue directions in the Ch plane of CIELAB LCh color space. (b) Temporal color
transition as a function of time with a speed of 10 ∆E∗

ab/s or 40 ∆E∗
ab/s. The regions marked R have a fixed

step size, and hence a fixed speed. The region marked R∗ is adapted to smooth the abrupt change in color.

Figure 3.2(b)]. The amplitude A can be calculated as follows:

A = S ×
[

N × (1−p)+N ×p ×
(
1− 1

2N×p

)]
(3.2)

Each color transition varied around a base color point, which corresponded to a principal
Munsell hue: 5R (red), 5Y (yellow), 5G (green), 5B (blue), or 5P (purple). The color points
of the principal Munsell hues were calculated as follows: first, 10° XYZ tristimulus values
were computed from the reflectance spectra [42] of the matte Munsell color chips with
the principal hues under Illuminant C. Because Munsell colors are defined to be uniform
under Illuminant C, Von-Kries chromatic adaptation was used to find the corresponding
color points under 4000 K, which was the white point of the neutral light setting used in
the experiment. These XYZ tristimulus values were transformed to CIELAB LCh, with the
adaptation white of 4000 K at a wall luminance level of 200 cd/m2, and the average CIELAB h
for each group of Munsell hues was found. Each of the five base color points was defined at
its average CIELAB hue with a chroma C∗ of 60 and a lightness L∗ of 90. The corresponding
CIELAB hue angles are 27 for 5R, 81 for 5Y, 159 for 5G, 221 for 5B, and 302 for 5P. Each color
transition varied around the base color point at a constant speed in either the chroma or
hue direction. Five color transition speeds were used: 2.5, 5, 10, 20, and 40∆E∗

ab/s. Since the
transitions were described in the CIELAB LCh color space, first the corresponding speeds in
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terms of chroma and hue were calculated, using

∆C∗ =∆E∗
ab (3.3)

∆H∗ = arccos

(
1− ∆E∗

ab
2

2×C∗2

)
(3.4)

Then the L∗, C∗ and h values were transformed to XYZ values, and finally to the RGBW
values that were used to control the LED luminaires. The XYZ to RGBW transformation
model that was used, with a white mixing ratio of 0.85, has been described in more detail in
[96].

All the stimuli were within the gamut of the system. During the experiment, all the walls
were illuminated; however, the seated participants were asked to look at the wall in front of
them.

3.2.3. EXPERIMENTAL CONDITIONS
In each trial, two color transitions were shown sequentially, in random presentation order: a
reference stimulus and a comparison stimulus. In CH-comparisons, the reference stimulus
was modulated in the hue direction around one of the five base color points at a speed of
10 ∆E∗

ab/s, whereas the comparison stimulus varied around the same base color point in
the chroma direction at one of the five speeds. Hence, there were 25 (i.e., 5 hues × 5 speeds)
CH-comparisons. In HH-comparisons, both stimuli were modulated in the hue direction.
The reference stimulus varied around a hue of 5R (i.e., h = 27°) at a speed of 10 ∆E∗

ab/s the
comparison stimulus varied around one of the five base color points at one of the five speeds.
This means that there were also 25 (i.e., 5 hues × 5 speeds) HH-comparisons.

3.2.4. PARTICIPANTS
Twenty-six adults (15 males and 11 females) volunteered to participate in the experiment.
Their age ranged from 21 to 53 years (M = 32.4, SD = 10.5). All participants had normal
color vision, as measured with the Ishihara test for color deficiency. Fourteen of them were
wearing glasses, and six were wearing contact lenses. Most participants had more-than-
average knowledge about color, while three of them had advanced knowledge about color.
Ten participants did not have any experience with lighting experiments, while the others
had different levels of experience.

3.2.5. PROCEDURE
The experiment was approved by the Institutional Review Board at RIT, the Human Subject
Research Office. Before the start of the experiment, participants were asked to read and sign
an informed consent form, in which they confirmed their voluntary participation.

When participants entered the experimental room, the light was set to a static white
light with a correlated color temperature of 4000 K and a wall luminance of 200 cd/m2.
Participants were instructed to sit on a chair that was positioned at a distance of 1.5 m
from the wall in front of them. The average eyesight level was about 1.5 m above the
floor. No chin or forehead rest was used since we intended to have a more natural viewing
setting. Then the experimenter read the instruction script that consisted of the following
parts: welcome words, explanation of the necessity to do an Ishihara test, collection of
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demographic information, explanation of the stimuli and task, illustration of the voice
instructions, and a practice session. The participants were instructed that they were free to
make head and eye movements, as long as they looked at the wall in front of them. During the
practice session, each observer was asked to compare (1) the speeds of a hue change with 10
∆E∗

ab/s at 5R and a chroma change with 40 ∆E∗
ab/s at 5R, and (2) the speeds of a hue change

with 10∆E∗
ab/s at 5R and a hue change with 2.5∆E∗

ab/s at 5G. Each comparison was repeated
twice. Six computer-generated voice instructions were used: V1,“First stimulus”; V2,“Second
stimulus”; V3,“Which stimulus appears faster?”; V4,“Input recorded”;V5,“Invalid input,
please input again”; V6,“Congratulations! You finished the experiment, thank you for your
participation.”

The flow of presenting the stimulus pairs is shown in Figure 3.3, and consisted of voice-
cued sequential stimuli interspersed with neutral 4000 K lighting that was shown for ten
seconds. Research has shown that after ten seconds, chromatic adaptation is approximately
80% complete [108]. This means that participants started from approximately the same
adaptation point. Participants were instructed to judge which of the two sequential color
transitions appeared to be faster by pressing a button on a keyboard: “1” to indicate the
first stimulus appeared faster and “2” to indicate the second stimulus appeared faster. If a
participant happened to press a button that was neither “1” nor “2”, the voice instruction
V5 would be played until that participant pressed “1” or “2”. Then V4 would be played and
the program would proceed. Since participants had different levels of knowledge about
color, the CIELAB LCh space was briefly explained, and it was pointed out that all the stimuli
were only changing in either the chroma or hue direction at a constant luminance level.
In addition, we emphasized that all stimuli had the same duration, and that a judgement
regarding the speed of the transition could be made based on the slope of the transition.
The concept of slope was explained by showing a similar figure to Figure 3.2(b). All the
stimuli shown during the instruction and practice phase were part of the stimuli of the
main experiment. Participants were allowed to ask questions during the instructions and
they had the opportunity to repeat the practice session, if needed, before the start of the
main experiment. During the practice session and the main experiment, participants wore
a baseball cap to prevent them from looking directly into the luminaires mounted in the
ceiling.

Figure 3.3: Illustration of the procedure for presenting one stimulus pair. V1, V2, and V3 are the voice
instructions.

The main experiment consisted of two sessions. In the first session, participants evalu-
ated all 50 stimulus pairs [i.e., 25 CH-comparisons (5 hues × 5 speeds) + 25 HH-comparisons
(5 hues × 5 speeds)]. In the second session, only the three intermediate speeds were pre-
sented, resulting in 30 comparisons [i.e., 15 CH-comparisons (5 hues × 3 speeds) + 15
HH-comparisons(5 hues × 3 speeds)]. As a result, the largest and smallest speeds of the
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Table 3.1: Questionnaire after each session

Session No. Question

1

1
Do you think the task of the experiment is difficult?
If so, what made it difficult?

2
Where did you see the most visible color change?
“Center”, “Periphery”,Or “No difference (between center and periphery)?”

3
Did you notice anything that was not smooth (such as stepping, flickering,
stuttering, etc.)? If so, please describe it (e.g., in which color).

4 Do you feel the cap is influencing the judgement?

2
5 Do you feel the experiment is easier the second time than the first time?
6 Any other comments?

comparison stimulus were presented only once, while the intermediate three speeds were
repeated twice per participant. We decided to do this since the lowest and highest speed
were visually quite different from the reference speed, and they were basically used (1) to
test if participants understood the task by checking whether their responses were close to
100% correct, and (2) to make participants feel more confident about their performance
by showing some easier trials. In each session, first all CH-comparisons were presented,
blocked per base color, and then all HH-comparisons were shown. The presentation order
of the base colors was based on a balanced Latin square design [125].

The second session was arranged at least half an hour after the first session. For some
participants, the sessions took place on different days. All participants watched the demo
stimuli and did the practice session again before the start of the second session in order to
be sure that they had the same level of understanding. After each session, participants were
asked to answer the questions shown in Table 3.1. They were encouraged to elaborate on
their answers, and not simply respond with “yes” or “no”.

3.2.6. VERIFICATION MEASUREMENTS

All stimuli were verified (i.e., each step in the temporal color transition was measured) with
a Photo Research PR-655 spectroradiometer. The location of the measurement was at 1.7
m above the floor, as indicated by the larger red circle in Figure 3.1. Among the 6000 (i.e.,
50 × 120) measured steps, the average deviation from the corresponding intended colors
was 2.34∆E∗

ab , with the largest deviation being 4.81∆E∗
abfrom the measurements, the actual

transition speeds that were presented to the observers were further calculated, and the
results showed that the speeds differed from the intended speeds by 2.17%.

The spatial chromaticity uniformity of the wall was measured at the same spatial lo-
cations shown in Figure 3.1, and Euclidean ∆u′v′ values from the reference point were
computed. Over all five base colors and the neutral white, at all spatial locations (total 6 × 19
measurements), the median ∆u′v′ from the reference was 0.0010. The maximum difference
was 0.0042 for the 5Y base color near the bottom of the wall.
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3.3. RESULTS

3.3.1. CALCULATION OF PSES

First, we checked the reliability of the participant responses. In either CH- or HH-comparisons,
the extreme speeds (i.e., 2.5 and 40 ∆E∗

ab) were visually quite different from the reference
speed of 10∆E∗

ab . However, in 29 of the 520 cases [i.e., 26 participants × 2 speeds × 2 types of
comparisons (CH and HH) × 5 hues], participants either reported that the lowest speed was
faster than the reference or the highest speed was slower than the reference. In particular,
there was one participant with 6 out of 20 likely “incorrect” responses. Therefore, the data of
this participant was removed for further analysis.

For each comparison type (CH and HH) and base color, the percentage of responses
“the comparison stimulus is faster than the reference stimulus” was calculated over all
participants and plotted as a function of the speed of the comparison stimulus. This resulted
in 10 plots. For CH comparisons the reference was a transition of 10 ∆E∗

ab along the hue
direction around the same hue as the comparison stimulus. For HH comparisons, the
reference was a transition of 10 ∆E∗

ab along the hue direction around a (fixed) hue of 5R.

The resulting data were fitted with the psychometric function of Equation 3.5, using a
generalized linear model (i.e., the glmfit function available from the Statistics Toolbox in
MATLAB 2017b):

f = 1

1+e−(a+b×log10 x)
×100% (3.5)

In this equation, f is the percentage of responses, x corresponds to the speed, the parameter
a defines the percentage when x = 0, and the parameter b is related to the slope of the
psychometric function. The PSE is defined as the speed at which the percentage of responses
“faster than the reference” equals 50%.

Figure 3.4 shows the ten psychometric curves fitted with the data of the 25 participants.
In this figure, the speed is plotted on a logarithmic scale to improve the goodness of fit. The
output of the logarithmic fit has a root mean square error of 1.68 ∆E∗

ab/s, compared to the
root mean square error of 2.97∆E∗

ab/s for the linear fit. We used a statistical technique based
on Monte Carlo resampling [157] to estimate the variability in the parameters a and b of
the psychometric function. To do so, we adopted a non-parametric bootstrap by treating
all data points of all participants (for a given condition, i.e., CH or HH comparison and
one base color) as if they reflected one underlying distribution. Next, 25 new data points
were randomly chosen from this distribution for each of the five speeds and the PSE was
calculated. This procedure was repeated 10,000 times, and from these data we calculated
the average PSE and its confidence interval as the 2.5th and 97.5th percentile. These data
are summarized in Figure 3.5.

The straightforward interpretation of the PSE is that, for example, a transition of 18.48
∆E∗

ab/s along the chroma direction at 5Y is perceived as fast as a transition of 10 ∆E∗
ab/s

along the hue direction at 5Y [Figure 3.5(a)]. At the same time, a transition of 6.12 ∆E∗
ab/s

along the hue direction at 5Y is perceived as fast as a transition of 10 ∆E∗
ab/s along the hue

direction at 5R [Figure 3.5(b)]. To describe the data in a more compact way, we use the
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Figure 3.4: Percentage (p) of “the comparison stimulus is faster than the reference stimulus” responses against
the transition speed of the comparison stimulus for each of the five hues in the CH comparisons (left column)
and the HH comparisons (right column). The filled squares represent the raw percentages. The colored
area represents the 95% psychometric functions, m with the error bars indicating the bootstrap-based 95%
confidence intervals.
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Figure 3.5: Bar chart of the 10 PSEs with their 95% CI for (a) CH comparisons and (b) HH comparisons.

following notation:

PSE s =

∣∣∣∣∣∣∣∣∣∣∣

7.76 11.25
18.48 6.12
13.52 9.30
11.13 13.39
19.70 5.61

∣∣∣∣∣∣∣∣∣∣∣
(3.6)

where each row represents a base color (in the order of 5R, 5Y, 5G, 5B, and 5P), while the first
column represents the CH comparisons and the second column the HH comparisons. From
Figure 3.5, we can conclude that for the CH comparisons, the PSE of 5B is not significantly
different from the reference speed of 10 ∆E∗

ab/s, which basically means that the change
in chroma and the change in hue around 5B are perceived as equally fast for the same
speed in terms of ∆E∗

ab/s. At the other base colors, the PSE is significantly different from 10
∆E∗

ab/s, which means that the actual speed of the change in chroma needs to be different
(in terms of ∆E∗

ab/s) from the reference speed of the change in hue in order to let them
appear equally fast. Similarly, for the HH comparisons, only the PSEs at 5R and 5G are not
significantly different from the reference speed, while the others are. For the PSE at 5R, this
is not surprising. Actually, the confirmation that a change in hue with a speed of 10 ∆E∗

ab/s
at 5R is perceived as equally fast as a change in hue with a speed of 10 ∆E∗

ab/s at 5R confirms
the reliability of our method.

3.3.2. COMPARISON BETWEEN 10 PSES
When the color transitions would be assessed against the same reference stimulus, their PSE
could be directly compared. This was, for example the case for the HH comparisons, the
PSEs of which could be mutually compared. To relate the PSEs of all color transitions, we
expressed them against the same reference stimulus, using the following two assumptions:

1. If speed Sa for transition A and speed Sb for transition B are perceived as equal, then
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transitions with speeds αSa and αSb are perceived equal as well (law of proportional-
ity).

2. If the perceived speed of transition A and transition B are equal, and the perceived
speed of transition B and transition C are equal, then the perceived speed of A and C
are also equal (law of transitivity).

Based on these two assumptions, we related the speed of all color transitions to the same
reference, being a speed of 10 ∆E∗

ab/s in the hue direction around 5R. From the notation
in Equation 3.6, we know that a transition speed of 10 ∆E∗

ab/s along the hue direction at
5Y was perceived as fast as a transition speed of (10/6.12) × 10 = 16.34 ∆E∗

ab/s along the
hue direction at 5R, and as fast as a transition speed of 18.48 ∆E∗

ab/s along the chroma
direction at 5Y. Thus, to compare the transition speed along the chroma direction at 5Y with
a transition speed along the hue direction at 5R, we need to divide 18.48 by (10/6.12); as a
result, a transition speed of 11.31 ∆E∗

ab/s along the chroma direction at 5R is assumed to be
perceived as fast as a transition speed of 10 ∆E∗

ab/s along the hue direction at 5R. Similarly,
all the PSE values could be related to the same reference stimulus of a transition speed of 10
∆E∗

ab/s along the hue direction at 5R, which results in

PSE s =

∣∣∣∣∣∣∣∣∣∣∣

7.76/(10/11.25) 11.25
18.48/(10/6.12) 6.12
13.52/(10/9.30) 9.30

11.13/(10/13.39) 13.39
19.70/(10/5.61) 5.61

∣∣∣∣∣∣∣∣∣∣∣
=

∣∣∣∣∣∣∣∣∣∣∣

8.73 11.25
11.31 6.12
12.57 9.30
14.90 13.39
11.05 5.61

∣∣∣∣∣∣∣∣∣∣∣
(3.7)

The PSE values mentioned before can now be directly compared. A value larger than 10
means that the comparison stimulus needs to have a larger speed in order to be perceived
equally fast as the reference. Similarly, a value smaller than 10 means that the comparison
stimulus needs to have a smaller speed in order to be perceived equally fast as the reference.
These relative speeds are depicted in Figure 3.6 for the five base color points and the two
directions (in CIELAB) used in the experiment. The length of the arrow in Figure 3.6 repre-
sents how the transition speed in ∆E∗

ab/s should be “scaled” in order to make that transition
equally fast as the others.

3.3.3. QUESTIONNAIRE ANALYSIS

The answers to the questions we asked at the end of Session 1 and 2 are summarized in Figure
3.7. 65% of the participants indicated that the experiment was difficult (Question 1). They
mentioned various reasons, among which the lack of a fixation point to help them focus,
and the fact that it was hard to memorize speeds. Only 15% of the participants indicated
explicitly that the color change was most visible in their periphery. Some participants (35%)
reported that some color transitions were unsmooth at some hue values. All participants
except one mentioned that the cap did not influence their judgement; instead, they reported
that the cap indeed helped to stop them from looking at the luminaires in the ceiling. Some
participants (31%) reported that Session 2 was more difficult because the speed differences
were smaller compared to the stimuli in Session 1.
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Figure 3.6: Length of the arrows in the figure indicates the PSE of the corresponding color transition to make it
equally fast as the reference, being a transition speed of 10 ∆E∗

ab/s along the hue direction around the base
color 5R (represented by length “1” in this figure).

3.4. COMPARISON WITH AVAILABLE COLOR MODELS
The results presented in Figure 3.5 show that color transitions with the same constant speed
in CIELAB are not always perceived as having the same speed. This is no surprise, but it
confirms that CIELAB cannot be considered a uniform space to describe the perceived
speed of color transitions in the chroma and hue directions. An ideal uniform temporal
color model should have equal PSE values independent of the base color and modulation
direction of the color transition. A possible way of looking at the uniformity of a color model
is to check the standard deviation in PSEs, which is zero in the ideal case.

3.4.1. CALCULATION OF SLOPES IN CIELAB
Despite our assumption that CIELAB would not be temporally uniform, we chose constant-
∆E∗

ab/s speeds for this experiment as a starting point. Figure 3.6 already shows how non-
uniform CIELAB is for temporal color transitions, and based on these results we made an
attempt to improve CIELAB’s uniformity in this respect. This attempt consisted of including
a scaling factor in the mutual weighting of ∆a∗/s and ∆b∗/s in the calculation of ∆E∗

ab/s as
follows:

∆E∗
abi mp

/s =
√

(∆a∗/s)2 + (α∆b∗/s)2 (3.8)

where ∆E∗
abi mp

/s indicates the improved version of ∆E∗
ab/s. Due to the triangular shape of

the stimuli, a linear fit was performed on the three segments of each temporal transition for
the trajectory of a∗ and b∗separately. The final ∆a∗/s ∆b∗/s and were calculated using the
equation

Sl ope = (Sl ope1 −Sl ope2 +Sl ope3)/3 (3.9)

where Sl ope1 covered steps 1–30 of the transition, Sl ope2 steps 31–90, and Sl ope3 steps
91–120. Figure 3.8 illustrates how ∆a∗/s and ∆b∗/s were obtained.
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Figure 3.7: Overview of the answers given to the questions at the end of Sessions 1 and 2.

Figure 3.8: Illustration of the segments used for calculating the slope of the a∗ and b∗ values of the temporal
color transition (L∗ is constant). Sl ope1 covers the steps 1–30, while Sl ope2 and Sl ope3 cover the steps 31–90
and 91–120, respectively. These segments of steps are shown for the change in a∗ values.

Based on these slopes, we computed the standard deviation of the PSEs for different
values of the weighting factor α. Figure 3.9 shows that this standard deviation is minimal for
a value of α = 0.404.
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Figure 3.9: Standard deviation of PSEs as a function of α in Equation 3.8. The open circle represents the
standard deviation of CIELAB, while the filled circle is the minima found when α = 0.404.

3.4.2. CALCULATION OF SLOPES IN LMS CONE FUNDAMENTALS
We designed our dynamic transitions as constant-slope C∗ and h changes, which do not
correspond to constant-slope L, M , and S changes. To calculate the corresponding L, M ,
and S cone responses, we used the cone fundamentals of Stockman and Sharpe [133] and
the measured spectral data. To minimize the effect of measurement noise, the slopes of
∆L/s, ∆M/s and ∆S/s were calculated in a similar way as shown by Equation 3.9. Since
neutral white light of 4000 K was regularly shown before, during, and after the stimuli in the
experiment, it was chosen as the adaptation condition; in reality, we expect that observers’
state of adaptation was influenced by the dynamic stimuli, but we don’t have a way to predict
this variation. Thus, the L, M , and S values at each step were normalized by dividing them
by the L, M , and S values of 4000 K, which is equal to multiplying by 3.28, 4.11, and 11.22,
respectively. However, this normalization step does not influence the calculation of slopes.

Using the same concept of minimizing the standard deviation of PSEs, a scaled LMS
space with parameters α and β could be constructed as follows:

∆LMS/s =
√

(∆L/s)2 +α(∆M/s)2 +β(∆S/s)2 (3.10)

The minimum in standard deviation was found when α and β were both zero, which means
that the M and S responses were eliminated. Eliminating these responses may then give the
best fit, but it is intuitively unsatisfying. Thus, based on the physiologically based DKL space
[12], which has proven its value in the literature, the following equation was constructed to
minimize the standard deviation of the PSEs:

∆DK L =
√[
∆ (L−M)/s

]2 +α
{
∆

[
S − (L+M)

]
/s

}2
(3.11)

Since the L+M channel usually represents luminance, which in our case remains constant,
the slope of the L + M channel is ideally zero. Using the same technique as described
previously, we now found a minimum for the standard deviation in PSE when α = 0.02 (as
shown in Figure 3.10).
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Figure 3.10: Standard deviation of PSEs as a function of α in Equation 3.11. The open circle represents the
standard deviation of DKL, while the filled circle is the minima found when α =0.02.

3.5. DISCUSSION

3.5.1. OPTIMIZATION OF COLOR SPACES

Our results demonstrate that more uniformity can be achieved by improving available color
spaces. Specifically, the CIELAB-based improvement suggests that ∆b∗/s contributes less
to speed perception than ∆a∗/s, but the resulting reduction in the standard deviation of
the PSEs is very small. The improved DKL-based space suggests that ∆

[
S − (L + M)

]
/S

hardly contributes to speed perception compared to ∆(L−M)/s.In this way, the standard
deviation in PSEs is reduced by almost a factor of 6. It is important to notice that the
small weight (α = 0.02) for the S − (L + M) channel may suggest that the L − M channel
dominates the speed perception of chromatic change. Although there is no literature for the
direct comparison with our results, several papers indicated the “weak” contribution of the
S − (L+M) channel in speed perception. For example, Dougherty, Press, and Wandell [17]
proposed an equation that combines the luminance, red–green, and blue–yellow opponent
mechanisms to describe the mechanism of moving color responses. They assigned the
largest weight to the luminance channel (L +M), followed by the weight in the red–green
L−M channel and then the blue–yellow

[
S−(L+M)

]
channel. Nguyen-Tri and Faubert [101]

performed a speed-matching experiment using drifting chromatic gratings. They found that
the S − (L+M) post-receptoral mechanism does not appear to contribute significantly to
determining the perceived speed of chromatic motion. McKeefry and Burton [90], however,
did not agree with the opinion that S-cone signals are not as effective in signaling stimulus
motion. Their results suggest that the perception of speed is based on L−M and S − (L+M)
cone opponent processing.

Figure 3.11 shows the bar charts of the 10 PSEs in the four spaces: CIELAB and im-
proved CIELAB [Figure 3.11(a)], DKL and improved DKL [Figure 3.11(b)]. It is not intuitively
meaningful to compare these two metrics, as they are of different magnitude. The fact that
the optimized DKL space has reduced the standard deviation of PSEs to a larger extent
than optimized CIELAB might indicate that DKL is more promising to work with in future.
However, that this space implies that the S − (L+M) responses can be largely neglected for
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speed perception of color transitions remains worrisome. It might as well be too simplistic
to just target the minimum of the standard deviation of PSEs to improve the uniformity of a
color space for temporal transitions. Hence, to gain more insight into how to build a color
space with global uniformity for speed perception of temporal color transitions, more data
collection and more extensive modeling are needed.

Figure 3.11: Bar charts of the 10 PSEs expressed in different color spaces: (a) CIELAB and improved CIELAB;
(b) DKL and improved DKL.

3.5.2. LIMITATIONS AND FUTURE WORK

Our stimuli temporally varied in C∗ and h, keeping the luminance constant. For the design
of these stimuli, we kept the luminance constant for an averaged observer. It is, however,
generally known that luminance perception varies over individuals, and consequently,
our stimuli might not have been fully isoluminant for all our participants. Nonetheless,
we estimate the effect of individually tuned isoluminance to be small for this particular
experiment. First of all, various researchers have found that adults are more sensitive to
chromatic than luminance contrast for temporal frequencies below 4–5 Hz [15]. In this
experiment specifically, the frequency of the temporal transition was about 0.33 Hz, and
at this frequency the data of [15] indicate that adults are at least four times more sensitive
to chromatic change than to luminance change. Second, if we simulate possible variations
in the (L+M) channel of our stimuli using the CIE 2006 Physiological Observer (CIEPO06)
[69], we found that these variations have a slope close to zero, and at least five times smaller
than the slope in any of the chromatic channels [i.e., either L −M or S − (L +M)]. Still, in
our next experiments to extend our data, we will evaluate the effect of including individual
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isoluminance in the design of our stimuli.

In the current experimental design, lightness changes were not included. Since our
long-term goal is to develop a temporal uniform color space, comparing the perceived speed
of lightness change with chromaticity change is important. In addition, as mentioned before
we omitted the CC -comparisons in this study, but they clearly are relevant to extend the
set of stimuli for the modeling or to validate the improved color space for temporal color
transitions. In the future, lightness changes and more chroma levels will also be included in
the experimental design.

Since the task of comparing multiple pairs of sequential color transitions is quite time-
consuming, the number of repetitions per participants had to be limited and we were not
able to fit a psychometric function per participant. In contrast, the responses were averaged
over participants to fit one psychometric function for each hue in the CH comparisons and
each hue in the HH comparisons. We already know that fitting a psychophysical curve across
observers may introduce between-observer noise. Thus, if time would allow, an ideal case
would be fitting a psychometric function per observer. This would require a more efficient
psychophysical method or a reduction in the number of experimental conditions, where the
latter is undesirable as well.

We intentionally chose for full room setting instead of the often-used 2° or 10° stimuli
because temporal dynamics in artificial lighting are more realistically represented with a
room-size field of view. At the same time, this choice introduces uncertainty about the
direction of the observer’s gaze and the effects of peripheral vision. For the observers sitting
at the predefined position, our stimuli resulted in a 101° horizontal and roughly 77° vertical
visual angle. Research has shown that both spatial vision [39] and temporal vision [105]
vary across this eccentricity, but our data does not allow a comparison of temporal color
perception in central or peripheral vision. However, in lighting applications, central and
peripheral vision will always mix, so a generally suitable temporal color space is needed.
Creating models that take eccentricity into account would require new data in the future.

We chose to use a wall illumination of 4000 K as an intermediate light in an attempt
to continuously reset the participants’ state of adaptation. Still, participants constantly
adapted during the experiment to the varying light environment they were immersed in.
This may have affected the experimental results, though most probably in a systematic way.
This surely impacts the modeling, since color spaces assume adaption to a fixed illuminant.
Due to the lack of a good model for temporal chromatic adaptation (which would change
L, M , and S reference over time), the calculation of the cone responses to model speed
perception can be further improved.

Finally, it should be noted that we might have accumulated error in our calculations
to compare the perceived speed of various color transitions with one fixed reference. The
accumulated error can be best estimated from the first row of the result summary in Equation
3.7. In our experiment, we directly measured that the transition speed along the chroma
direction at 5R needed to be 7.76∆E∗

ab/s in order to be perceived as fast as a transition speed
of 10∆E∗

ab/s along the hue direction at 5R. Using the calculation towards the same reference
stimulus, we estimate a transition speed of 8.73 ∆E∗

ab/s along the chroma direction at 5R
to be perceived as fast as a transition speed of 10 ∆E∗

ab/s along the hue direction at 5R.
The deviation results from the fact that the H H comparison with both the comparison and
reference stimulus at 5R yielded a PSE of 11.25 instead of 10 ∆E∗

ab/s. It is worth pointing out
that ∆a∗/s and ∆b∗/s are linear for C∗ transitions, but sinusoidal for h transitions, which
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also has a drawback in the calculation of the slopes according to Figure 3.8.
Based on the just-mentioned limitations, we see multiple options for further research.

Perception of dynamic color has many dimensions, such as three dimensions to define a
base point in a color space, three dimensions of the modulation direction, and the related
periodicity and waveform. In the future, more base colors (hues) and modulation directions
(not only cardinal directions) will be needed to more accurately model a temporally uniform
color space. Instead of defining the related stimuli in CIELAB, we see added value in defining
them directly in cone-contrast space. In addition, there are more ways of generating the
shape of the stimuli. Rather than giving all stimuli a fixed time period and changing the
speed by changing the amplitude of the chroma or hue, one could keep the chroma or hue
amplitude constant and change the speed by changing the time interval. The disadvantage
of this choice, though, may be that observers use the additional time cue to judge the
perceived speed of the color transition. Finally, it could be advantageous to use different
JNDs instead of PSEs to distinguish perceived speeds, so they can be further used to build
the temporal sensitivity function.

3.6. CONCLUSIONS
In this study, the perceived speed of periodic color transitions in chroma and hue was
measured, starting from the five principal Munsell hues. The results indicate that available
color spaces are not able to predict our speed perception. It is not so surprising that CIELAB
is not perceptually uniform for temporal color transitions, as it was designed for describing
spatial color differences. Color spaces built on cone responses were also insufficiently
accurate to predict uniform speed perception of color transitions. Simple modifications of
these spaces improve the uniformity in speed perception, but we foresee more extensive
experimentation to build a more accurate model.
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4
Assessing the Temporal Uniformity of CIELAB
Hue Angle

In Chapter 3, we found that ∆E∗
ab/s in CIELAB is not suitable for describing the perceived

speed of temporal color changes in full-room illumination. Two hue transitions with the
same physical speed of change, in terms of ∆E∗

ab/s, were not perceived to change at the
same speed. This is not really surprising, since CIELAB was not designed to characterize the
perception of temporal color transitions in illumination. In this study, we further investigate
the temporal uniformity of CIELAB. The stimuli were presented in a square of 4.3° visual
angle surrounded by a 4000 K adapting field, similar to the viewing condition for which
CIELAB was designed (i.e., where color stimuli are presented on-axis surrounded by a static
adaptation field). The human observers viewed pairs of temporal color transitions which
were presented sequentially, and were asked to select the one that appeared to change faster.
The results confirmed that under these conditions CIELAB was also not temporally uniform.
We present preliminary attempts to improve the temporal uniformity for both CIELAB and
cone-excitation spaces (i.e., LMS and DKL (Derrington–Krauskopf–Lennie [12]).

This chapter is copied with (slight) adaptations from Journal of the Optical Society of America A, Volume 37,
Number 4, 521-528 (2020) as: "Assessing the Temporal Uniformity of CIELAB Hue Angle", Xiangzhen Kong,
Minchen Wei, Michael J. Murdoch, Ingrid Vogels, and Ingrid Heynderickx [59].
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4.1. INTRODUCTION
Human perception of a color stimulus depends not only on the spectral composition of
the stimulus, but also on its surrounding[2, 9]. In order to characterize perceived color
differences, various color spaces have been developed based on the results of psychophysical
experiments. In these experiments, human observers performed a color matching task
or scaled color differences between pairs of static stimuli which were always presented
simultaneously. Ideally, a useful color space should be perceptually uniform in order to
describe the perception of color differences. However, MacAdam [84] already demonstrated
the spatial non-uniformity of the CIE 1931 chromaticity diagram by deriving ellipses showing
the ranges of equivalent color matches (known as the MacAdam ellipses).

With the development of LED technology, the color and intensity of lighting systems
can be easily adjusted to create appealing light atmospheres [145, 40, 97, 79]. We can adjust
the illumination in the entire space or only change the illumination in a small area, with
the former changing the stimulus for a large field of view (FOV) and the latter changing the
stimulus for a small FOV (e.g., a small stage area illuminated with a projection light). More-
over, the colors and intensities of displays or media walls can also be dynamically changed
to enhance the viewing experience of observers [115]. Both the ambient illumination and
characteristics of a stimulus can change dynamically. Literature has shown that the rate
of change in illumination influences whether we perceive the (static) material world as
changing or stable [10, 1]. Though interesting and important itself, for the purpose of our
study—to investigate the perceived speed of a light transition for a homogeneous stimu-
lus—we focus on the speed perception of a dynamic stimulus under a constant adapting
condition.

To the best of our knowledge, very few studies have investigated whether color spaces that
are known to be uniform for spatial color differences can accurately characterize perceived
differences of temporal changes in color (i.e., temporal uniformity). In [121], the observers
were asked to adjust the step size along the three dimensions in CIELAB LCh color space,
so that the temporal transitions appeared smooth. A three-primary (i.e., red, green, and
blue) LED light source was used to produce the stimulus, which was projected on a wall
with a dark surround, and the observers were seated three meters away from the wall. It was
found that the threshold to produce a smooth transition (i.e., the maximum color difference
between two successive colors for producing a smooth transition) along the chroma and
hue directions was around 10 times the threshold along the lightness direction. In Chapter
3, the observers compared the perceived speed of temporal changes along chroma and hue
directions. The experiment was designed to find the point of subjective equality (PSE) of
speed between different color transitions. The full-room sized stimuli were sequentially
presented with a static 4000 K illumination in between. It was found that ∆E∗

ab/s failed to
characterize the perceived speed of change. These two studies employed similar viewing
conditions; they used large field-of-view illumination, so that the observers used both
central and peripheral vision to evaluate the color perception of the stimuli [39, 135]. Such
setups, however, are different from the typical viewing conditions for which CIELAB was
designed, i.e., where color stimuli are presented on-axis surrounded by a static adaptation
field.

Therefore, this study was specifically designed to evaluate the temporal uniformity of
CIELAB for stimuli surrounded by a static adaptation field. Apart from that, this study is
similar to the one in Chapter 3 in order to allow comparison of the results. Pairs of stimuli
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(FOV≈4.3°) were temporally modulated in hue angle around different base colors and were
sequentially presented in a static adaptation field. The observers compared the perceived
speed of the temporal change between the two stimuli in each pair and selected the one that
appeared to change faster. To allow a direct comparison, the luminance, hue angles, and
chroma levels of the stimuli, and the temporal modulations (i.e., resolution and waveform)
were the same as those in Chapter 3. The luminance and correlated color temperature
(CCT) of the adaptation field was equal to the 4000 K stimulus used between the alternating
stimuli in our previous study.

4.2. METHODS
The experiment was carried out in the Color and Illumination Laboratory at The Hong Kong
Polytechnic University. The procedure and protocol of the experiment were approved by the
Institutional Review Board at The Hong Kong Polytechnic University.

4.2.1. APPARATUS

A viewing booth, with dimensions of 60 cm (height) × 60 cm (width) × 60 cm (depth), was
built for this experiment. The interior of the booth was painted using Munsell N7 spectrally
neutral paint. A 4.5 cm × 4.5 cm square opening was cut out at the center of the back panel,
as shown in Figure 4.1, and was covered with a diffuser. A THOUSLITE LEDCube consisting
of 11 channels with the peak wavelength between 400 and 700 nm was placed on top of the
viewing booth to provide a uniform illumination. An ARRI L5-C LED fixture was installed on
a tripod behind the viewing booth and it was carefully adjusted to uniformly illuminate the
diffuser in the back panel.

Figure 4.1: Photograph of the experimental setup captured at the observer’s eye position. An LEDCube was
placed above the booth to produce surrounding illumination in the booth as the adaptation field. An ARRI
L5-C LED fixture was fixed on a tripod and placed behind the viewing booth. It produced illumination to the
opening (4.5 cm × 4.5 cm) as the stimulus.

A chin rest was mounted in front of the viewing booth, centered such that the opening
on the back panel was at the observer’s eye height, subtending a 4.3°×4.3° FOV. The top
part of the front opening was partially covered using black felt to prevent the observer from
seeing the LEDCube directly.
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4.2.2. ADAPTATION CONDITION AND STIMULI
The intensities of the 11 channels of the LEDCube were carefully adjusted, so that the lumi-
nance and CCT of the adaptation field (as measured at the opening in the back panel using
a calibrated Labsphere reflectance standard and a JETI Specbos 1211UV spectroradiometer)
were similar to the 4000 K stimulus in Chapter 3. In the new setup we measured a CCT
of 4080 K with a Duv of +0.003 and at a luminance Lw,10(i.e., the luminance of a perfect
reflectance standard) of 210 cd/m2.

The intensities of the four channels (i.e., red, green, blue, and white) in the ARRI L5-C
fixture were controlled, with a resolution of 16 bit, via Digital Multiplex (DMX). A USB-to-
DMX interface (i.e., the DMXKing ultraDMX Micro) was used to control the fixture through
a desktop. The experiment only used three channels (i.e., red, green, and blue), which were
calibrated using the JETI spectroradiometer under the adaptation condition. The calibration
was performed by setting a series of input signals to the three channels and measuring the
tristimulus values of the produced stimuli. A good linearity was found between the input
signals and the tristimulus values of the produced stimuli, so that the relationship between
them could be characterized using Equation 4.1 with its nine coefficients being derived from
the measurements. Subsequently, Equation 4.1 was used to calculate the corresponding
input signals to the three channels for producing the desired stimuli. Specifically, for our
experimental setup, Equation 4.1 becomesX

Y
Z

=
410.693 136.748 255.655

185.537 518.630 141.704
1.325 77.412 1445.863

R/Rmax

G/Gmax

B/Bmax

+
27.968

28.929
18.790

 (4.1)

where XYZ are the tristimulus values of a stimulus being calculated using the CIE 1976
10° color matching functions (note: this included both the stimulus produced by the ARRI
fixture and the light produced by the adapting condition that was reflected by the diffuser at
the opening); R, G , and B are the input signals to the three channels;Rmax , Gmax , and Bmax

are the maximum input signals (i.e.,216-1 = 65535); 27.968, 28.929, and 18.790 represent
tristimulus values of the reflected light from the adapting condition when the three input
signals were set to zeros.

To make the results comparable with Chapter 3, the same stimuli were adopted. The
stimuli were periodic temporal color transitions around a base color point in the hue di-
rection of CIELAB LCh color space, with the measured adaptation field used as the white
point. The five base color points were set at hue angles of 27°, 81°, 159°, 221°, and 302°, with
a chroma C∗ of 60 and a lightness L∗ of 90. Four color transition speeds (CTSs), i.e., 5, 10,
20, and 40 ∆E∗

ab/s, were used, and the corresponding CTSs in hue were calculated using the
following equation:

∆H∗ = arccos

(
1− ∆E∗

ab
2

2×C∗2

)
(4.2)

Each color transition consisted of 120 discrete steps, and was presented as a triangular-
shaped waveform to allow an easier judgement of the speed of the transition. The color
changed every 0.025(=∆t )s over a full period of 3(= 120 × 0.025) s. To avoid an abrupt change
that might influence the perception of speed, as suggested in [121], the sharp edges of the
triangular wave were smoothed (see the regions shaded in gray in Figure 4.2). Specifically,
Steps 1 to 27, Steps 34 to 87, and Steps 94 to 120 had a fixed step size S, while the smoothed
region had half of the step size as its previous adjacent step, resulting in a step size of
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Table 4.1: Hue angle ranges for the transitions around the different base colors with different speeds

Base Color (Hue Angle) and Its Corresponding Amplitude
Speed∆E∗

ab/s Red (27°) Yellow (81°) Green (159°) Blue (221°) Purple (302°)
5 27°± 3.33° 81°± 3.33° 159°± 3.33° 221°±3.33° 302°±3.33°
10 27°± 6.66° 81°± 6.66° 159°± 6.66° 221°±6.66° 302°±6.66°
20 27°± 13.37° 81°± 13.37° 159°± 13.37° 221°±13.37° 302°±13.37°
40 27°± 27.14° 81°± 27.14° 159°± 27.14° 221°±27.14° 302°±27.14°

1
2 S, 1

4 S, and 1
8 S, respectively. A more detailed description of the stimulus modulation was

presented in Chapter 3. The CTS was defined as the speed of the unsmoothed region of the
transition (i.e., S/∆t ), and the maximum hue angle A that deviated from the base color hue
was calculated using

A = (27×S)+
(

1

2
×S + 1

4
×S + 1

8
×S

)
(4.3)

where S =∆H∗×∆t .

Figure 4.2: Illustration of the stimulus modulation in the hue direction of CIELAB LCh color space, with a
speed of 10 ∆E∗

ab/s and 40 ∆E∗
ab/s. The abscissa represents the step number, while the ordinate represents the

hue angle deviation from the base color. Steps 1 to 27, Steps 34 to 87, and Steps 94 to 120 had a fixed step size S,
while the smoothed area (i.e., Steps 28 to 33 and Steps 88 to 93, the regions shaded in gray) had half of the step
size as its previous adjacent step. For a speed of 10 ∆E∗

ab/s and 40 ∆E∗
ab/s, the maximum hue angle deviation

from the base color is 6.66° and 27.14°, respectively.

Given the above, the ranges of the hue angles can be calculated based on the speed
∆E∗

ab/s, as shown in Table 4.1. Subsequently, the intermediate hue angles of all stimuli can
be calculated, and transformed to the input signals (i.e., R, G , and B) of the fixture, using
Equation 4.1.

The JETI spectroradiometer was used to measure the spectral power distributions of all
the produced stimuli (i.e., Steps 31 to 91 of the triangular waveform in Figure 4.2). Figure 4.3
shows the comparison of the hue angles between the produced stimuli and the designed
stimuli. It can be observed that the stimuli in the red region, on average, have the largest
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hue angle deviation (about 2.5°), which was likely due to the instability of the red LEDs. The
deviations in the other regions were smaller with an average hue angle difference about 1°,
except the deviation of the transition around 81° with a speed of 40 ∆E∗

ab/s, which was so
large that it overlapped with the transition around red.

Figure 4.3: Comparison between the designed and measured hue angles of the stimuli included in the color
transitions with different speeds. (a) 5∆E∗

ab/s, (b) 10 ∆E∗
ab/s, (c) 20 ∆E∗

ab/s, (d) 40 ∆E∗
ab/s. The y axis is the

absolute difference between the measured and the designed hue angles while the x axis is the designed hue
angle.

A final note of attention is that a DMX needs 22 ms (i.e., 44 Hz) to transfer a message of
512 bytes [6]. Given the smaller number of bytes and the hardware used in the experiment,
efforts were made to precisely hold the refresh rate at 40 Hz by including delays through a
computer program. Such implementations were used in Chapter 3 and found reliable [61,
96].

4.2.3. EXPERIMENTAL CONDITIONS
As mentioned above, to allow a direct comparison with our work in Chapter 3, we used the
same reference stimulus to which the other color transitions had to be assessed, namely a
color transition around the red base color at a speed of 10 ∆E∗

ab/s. In the pilot experiments,
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we found that the color transitions around the green base color yielded results very different
from the other stimuli. We speculated that such a difference was due to the fact that
the greenish stimuli varied around an opponent color from the (red) reference transition.
Since these two opponent transitions were successively presented without an intermediate
adaptation stimulus (as used in Chapter 3), we anticipated biased PSE results. Therefore,
we employed an additional reference stimulus, i.e., the transition around the base color of
green at a speed of 10 ∆E∗

ab/s, to which transitions around the base color of purple were
assessed. This pair of colors was carefully selected, since the transitions around the base
color of purple had the most different PSE from green (i.e., hue angle of 159°) in Chapter 3.

When using the method of constant stimuli, the stimulus levels, in our case speeds,
should be carefully selected. Both pilot experiments and our work in Chapter 3 suggested
that the lowest speed (2.5 ∆E∗

ab/s) and highest speed (40 ∆E∗
ab/s) were perceived obviously

different from the reference speed of 10∆E∗
ab/s. As found in Chapter 3, only nine of the 130

comparisons at 2.5 ∆E∗
ab/s were judged faster than the reference speed of 10 ∆E∗

ab/s, and
only eight of the 130 comparisons at 40 ∆E∗

ab/s were judged slower than the reference speed.
Therefore, these two speeds were not expected to affect the calculation of PSE values. As a
result, in the current experiment, we discarded the stimuli with a speed of 2.5 ∆E∗

ab/s, and
only included the stimuli with a speed of 40 ∆E∗

ab/s.
In summary, each condition included two color transitions—a reference stimulus and

a comparison stimulus—which were sequentially presented. The reference stimulus was
always the color transition around the base color of red at a speed of 10 ∆E∗

ab/s; the compar-
ison stimuli were designed to include transitions around five base colors (i.e., red, yellow,
green, blue, and purple) and four transition speeds (i.e., 5, 10, 20, and 40 ∆E∗

ab/s). An addi-
tional reference stimulus with the base color of green at a speed of 10 ∆E∗

ab/s was used for
the comparison stimuli with the base color of purple at the four transition speeds. In total,
24 conditions (i.e., 5 hues × 4 speeds + 1 hue × 4 speeds) were included in the experiment.

4.2.4. OBSERVERS

Twenty-one observers (14 males and 7 females) between 20 and 30 years of age (mean = 22.8,
standard deviation = 2.6) participated in the experiment. All of them had a normal color
vision, as tested using the Ishihara Color Vision Test.

4.2.5. PROCEDURE

When the observer arrived in the lab, the Ishihara Color Vision Test was carried out, followed
by the collection of demographic information such as age, gender, and whether the observer
had any self-reported vision problems. He/she was then seated in front the viewing booth
and was asked to adjust the height of the chair, so that he/she could comfortably fix his/her
chin on the rest. The adaptation field was presented in the booth, while the general illumina-
tion in the rest of the experimental room was switched off. The experimenter described the
experimental procedure to the observer. Then, the observer evaluated four practice trials to
get familiar with the procedure and task. These four practice conditions were identical to all
observers and were carefully selected, so that they were representative for the comparisons
of colors and speeds occurring during the rest of the experiment (i.e., red at 40∆E∗

ab/s versus
red at 5 ∆E∗

ab/s; green at 10 ∆E∗
ab/s versus red at 40 ∆E∗

ab/s; red at 10 ∆E∗
ab/s versus red at 5

∆E∗
ab/s; red at 10 ∆E∗

ab/s versus purple at 5 ∆E∗
ab/s).

During the experiment, computer-generated verbal instructions were used, similar to
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Chapter 3. These instructions were: V1 “First stimulus”; V2 “Second stimulus”; V3 “Which
stimulus appears faster?”; V4 “Invalid input, please input again”; V5 “Input recorded”; and
V6 “Congratulations, you finished the experiment. Thank you for your participation.” When
the reference and comparison stimulus were alternating, the instructions V1 and V2 were
played. After two alternations, the instruction V3 prompted the observer to make a forced
choice about which stimulus appeared faster and to input the judgment using a keypad.

One main difference in the procedure compared to the one used in Chapter 3 concerned
the adaptation stimulus played in between the reference and comparison stimulus. It
was reported in Chapter 3 that 65% of the observers found the experimental task difficult.
One common reason was that it was hard to memorize the perceived speed. Because the
intermediate adaptation field was presented for 10 s, there was a delay of 25 s between
the end of the entire presentation and the end of the first stimulus. To allow an easier
comparison between the two stimuli, the presentation of the stimuli was changed, as shown
in Figure 4.4. Now, the two stimuli were alternated back and forth twice, with a dark period
(i.e., ARRI L5-C was turned off) of 0.5 s between each alternation.

Figure 4.4: Illustration of the procedure for each comparison. Each stimulus in a pair was presented twice. V1,
V2, and V3 are the voice instructions: “First stimulus,” “Second stimulus,” “Which stimulus appears faster?”

Each observer evaluated 24 conditions twice, with the order of the two stimuli in each
condition being counterbalanced. The 48 comparisons were presented in a random order.
The experiment took around 20 min for each observer.

4.3. RESULTS

4.3.1. POSSIBLE BIAS
As for all stimuli the order was counterbalanced in the repetition, the first stimulus should
be selected as often as the second stimulus when there is no response bias. Of the 1008
judgments in total (i.e., 4 speeds × 6 conditions × 2 repetitions × 21 observers), the first
stimulus was selected 543 times (53.9%) and the second stimulus 465 times (46.1%), which
was significantly different from 50% as tested using a Chi-square goodness-of-fit test (χ2(1,
N = 1008) = 6.04, p-value = 0.014). Additional tests were performed on each condition to
investigate whether the presentation order and the selection of the stimulus were indepen-
dent to each other using a Chi-square test of independence. Only the condition with the
comparison stimulus around the base color of purple at a speed of 5 ∆E∗

ab/s was found to
have an association between the presentation order and the selection of the stimulus (χ2(1,
N = 42) = 9.55, p-value = 0.002). For the “null condition,” in which the comparison stimulus
was identical to the reference stimulus having the base color of red at a speed of 10 ∆E∗

ab/s,

48



4.3. RESULTS

4

the first stimulus was selected 23 times (54.8%) and the second stimulus 19 times (45.2%),
which was not significantly different from 50% as tested using a Chi-square goodness-of-fit
test (χ2(1, N = 42) = 0.38, p-value = 0.54). In addition, among the 42 judgments on the condi-
tions, in which the comparison stimulus had a speed of 40 ∆E∗

ab/s, the reference stimulus
was only selected six times. These analyses demonstrated that the experimental setup and
procedure can be considered reliable, and that possible effects of bias compensations were
considered minor.

4.3.2. CALCULATION OF PSES AND CONFIDENCE INTERVALS

For each base color, the percentage of judgements “the comparison stimulus appeared
faster than the reference stimulus” is plotted as a function of the speed of the comparison
stimulus in Figure 4.5. For the 24 conditions that the comparison stimulus was not identical
to the reference stimulus, a Chi-square goodness-of-fit test was employed to test whether
the judgment was significantly different from random chance (i.e., 50%). Five conditions,
labeled as filled circles in Figure 4.5, were found not significantly different from a random
chance.

Figure 4.5: Scatter plot between the percentage (p) of the responses that ‘the comparison stimulus appeared
faster than the reference stimulus’ and the speed of the comparison stimulus, for different base colors. The
open circles represent the conditions where the judgements were significantly different from 50%; the filled
circles represent the conditions where the judgements were not significantly different from 50%. The curves
are the psychometric functions, as described in Equation 4.4, fitted based on the collected data. The shaded
regions represent the possible psychometric functions that were derived using a non-parametric bootstrap
method, with the error bars representing the 95% confidence interval for the estimated PSE value per base
color. The different plots represent (a) base color of red; (b) base color of yellow; (c) base color of green; (d)
base color of blue; (e) base color of purple; (f) base color of purple with the reference stimulus being switched
to the base color of green.
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A psychometric function, as described in Equation 4.4, was used to fit the data points of
Figure 4.5 per base color:

f = 1

1+e−(a+b×log10 x)
×100% (4.4)

In this equation f represents the percentage of the judgments that “the comparison stimulus
appeared faster than the reference stimulus,” x represents the speed of the comparison
stimulus, and a and b are the fitting coefficients. The PSE value of each comparison stimulus
is the speed at which the comparison stimulus appears to change at the same speed as
the reference stimulus. Such a PSE value can be derived by solving the fitted psychometric
function for f being 50%.

To estimate the variability of the two coefficients a and b of the psychometric function
[Equation 4.4], we used a statistical technique based on Monte Carlo resampling, also
known as a non-parametric bootstrap method [157] and used in Chapter 3. This technique
assumed that for any given condition, the 42 responses made by the 21 observers reflected
the underlying distribution of the entire population. Forty-two new responses were then
randomly selected from this distribution, which was repeated for each of the four speeds
until a new PSE was derived from this simulation-based procedure. This procedure was
repeated 10,000 times, and the final PSE was the median of the 10,000 PSEs, while also the
95% confidence interval (CI) of the PSE can be calculated. The resulting six psychometric
functions fitted using the data of the judgments made by the 21 observers, together with the
PSE and the corresponding 95% CI as derived from the Monte Carlo resampling method, are
shown in Figure 4.5.

For the conditions, in which the comparison stimulus had the base color of red, the
derived PSE value was 9.92∆E∗

ab/s, as illustrated in Figure 4.5(a), which was not significantly
different from the speed of the reference stimulus (i.e., ∆E∗

ab/s). This result indicated a high
reliability of the judgements made by the observers.

The PSE shown in Figs. 4.5(b)–4.5(e) indicates that the color transitions around the base
color of yellow, green, blue, and purple needed to change their speed to 5.89, 12.28, 15.27,
and 4.98 ∆E∗

ab/s, respectively, in order to appear as fast as the reference stimulus having
the base color of red at a speed of 10 ∆E∗

ab/s. Moreover, comparing Figs. 4.5(e) and 4.5(f)
suggests that the PSE of the comparison stimulus with the base color of purple is very similar
for the reference stimulus with the base color of red (i.e., 4.98 ∆E∗

ab/s) as for the reference
stimulus with the base color of green (i.e., 4.65 ∆E∗

ab/s).

4.4. DISCUSSION
To allow a direct comparison between this study and our study in Chapter 3, the PSEs and
the 95% CIs derived from both studies are combined in Figure 4.6. It can be observed that
the results of both experiments were highly comparable, with overlapping 95% CIs.

Based on the law of transitivity, which was also assumed in Chapter 3, the perceived
speed of two stimuli (A and B) should be equal if another stimulus (C) is perceived to
have the same speed as each of them (i.e., if A = C and B = C then A = B). As shown in the
dashed box in Figure 4.6, the two reference stimuli with the base colors of red and green
resulted in statistically the same PSEs for the comparison stimulus with the base color of
purple, suggesting the stimuli with the base colors of red and green had similar perceived
speed. However, their perceived speeds were statistically different when they were directly
compared to each other, as illustrated by the open green bar in Figure 4.6, which was not
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Figure 4.6: Comparison of the PSE values derived in this study (open bars) with those of our previous research
[61] (solid bars). The two bars highlighted in the dashed box suggest that the PSE values for the base color
purple derived for different reference stimuli are not significantly different.

consistent to our earlier findings in Chapter 3. As described above, this difference was
likely due to using opponent colors without a complete adaptation. In Chapter 3, we used
an adaptation interval of 10 s between the reference and comparison stimuli, while the
interval was 0.5 s in our current experiment (see Figure 4.4). As reported in the literature,
after viewing a colored stimulus, the perceived hue of the subsequent stimulus would
be shifted in the opposite direction to the previous stimulus, which is caused by various
physiological processes, such as neural adaptation and bleaching at photoreceptor level [3,
10]. This adaptation effect gradually disappears in 1–3 s [1], and thus, it is expected to have
a larger impact in the current study than in our previous one. Since the adaptation effect
interfered with the color transition, it is difficult to disentangle it from the appearance of the
subsequent color transition.

Assuming the law of transitivity, it can be calculated that the color transition with the
base color of purple at a speed of 4.65 ∆E∗

ab/s is perceived as fast as the transition with the
base color of green at a speed of 10 ∆E∗

ab/s [see Figure 4.5(f)], which corresponded to a color
transition with the base color of red at a speed of 8.14 [i.e., 10/(12.28/10)] ∆E∗

ab/s. Figure
4.5(e), however, showed that a color transition with the base color of purple at a speed of
4.98∆E∗

ab/s was perceived as fast as a color transition with the base color of red at a speed of
9.34 [i.e., 10/(4.98/4.65)] ∆E∗

ab/s. Such a small discrepancy may be due to the accumulated
error in our calculations, as also pointed out in Chapter 3. However, such an accumulated
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error was acceptable, as the color transitions at the base color of red at speeds of 8.14∆E∗
ab/s

and 9.34 ∆E∗
ab/s have overlapping 95% CIs [Figure 4.5(a)].

If CIELAB were temporally uniform, the ratio between ∆a∗/s and ∆b∗/s should be “1,”
which means changes with the same Euclidean distance along the a∗ and b∗ directions
should result in the same perceived speed of color change. Similar to our previous research
in Chapter 3, we calculated the speed of change along the a∗ and b∗ directions (i.e., ∆a∗/s
and ∆b∗/s) of the stimuli at the speed of the PSE using a simple linear fit (see Figure 4.7),
since ∆a∗/s and ∆b∗/s were not proportional to ∆E∗

ab/s. We then optimized the scaling
factor between ∆a∗/s and ∆b∗/s, in order to minimize the deviations between the five PSEs.
This was not only done in CIELAB, but also in the cone-excitation color spaces LMS and DKL
[12], since these spaces were believed to better reflect the underlying mechanisms of human
being’s temporal vision. The signals in the cone-excitation color spaces (i.e., ∆L/s, ∆M/s,
∆S/s, ∆(L −M)/s, and ∆

[
S − (L +M)

]
/s) were calculated in a similar way, as described in

Chapter 3. The L-, M-, and S-cone responses were calculated using the cone fundamentals
reported in [133] and the measured spectral data at each step. The L-, M-, and S-cone
values at each step were normalized by dividing them by the L-, M-, and S-values of the
adaptation field (i.e., 4000 K), which was actually equivalent to multiplying them with a
factor of 3.12, 3.85, and 11.73, respectively. These calculations were based on the assumption
that the observers were completely adapted to the 4000 K illumination condition in such
an experiment setup. However, in a past study [163], the slow adaptation time constants of
neurons were measured for ∆S, ∆(L−M), and ∆(L+M +S) axes and they were all above 4 s
(longer than our 3 s stimulus). This may suggest that the adaptation may not be complete
with the stimuli being presented for 3 s. As pointed out in Chapter 3, there is a lack of a
well-accepted model for temporal chromatic adaptation (which would change L, M, and S
reference over time); the calculation of the cone responses to model speed perception needs
to be further improved. In addition, as pointed out in [156], the desensitization for periodic
color change along specific color-space directions may also influence the results. A better
understanding of dynamic adaptation is worth exploring in future work.

It has to be noted that the optimization procedure adopted ten values in Chapter 3
while it only adopted five values in the current work. The results of optimizing the scaling
factors are shown in Table 4.2, and agree with Chapter 3. From these results we should
conclude that the LMS space is not suitable for improving temporal uniformity as the M-
and S-cone axes are simply omitted, which is not useful. For the optimization performed in
the CIELAB and DKL space, the scaling factors—although the exact values are different from
those calculated in Chapter 3—lead to the same interpretation that the b∗ and [S − (L+M)]
axes contribute less to the perception of temporal modulations, compared to the a∗ and
(L−M) axes, respectively. In Chapter 3 and this study, 4000 K was adopted as the white point.
More specifically, the 4000 K condition was used to continuously reset the observers’ state of
adaptation in Chapter 3, while the 4000 K condition was employed as a static adaptation
field in this study. In both cases, the L-, M-, and S-values of the stimuli were normalized
by dividing them by the L-, M-, and S-values of the white point, which would influence
the calculations of the weighting factors in the optimization routine. Similar experiments
using different white points merit further investigations. In addition, adopting a different
experimental paradigm, for example, keeping the stimulus constant while changing the
speed of the illumination might be also interesting to explore.
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Figure 4.7: Illustration of the calculations of the change of speed along the a∗ and b∗ directions (i.e., ∆a∗/s
and ∆b∗/s) of the temporal color transition (L∗ is constant). Sl ope1, Sl ope2, and Sl ope3 covers the Steps
1–30, 31–90, and 91–120, respectively. The overall slope is given by Sl ope = (Sl ope1 −Sl ope2 +Sl ope3)/3. The
shaded areas in gray demonstrate the process of a linear fit to get one slope value expressed in unit of ∆a∗/s.
Figure retrieved from [61].

Table 4.2: Optimizations of color spaces to achieve a temporal uniformity

Color space Inclusion of Scaling Factors
Optimization Results

in Current Work
Optimization Results in

Previous Work

CIELAB ∆E∗
ab/s =

√
(∆a∗/s)2 +αC I EL AB (∆b∗/s)2 αC I EL AB = 0.04 αC I EL AB = 0.404

LMS ∆LMS/s =p
((∆L/s)2 +αLMS(∆M/s)2 +βLMS(∆S/s)2) αLMS = 0;βLMS = 0 αLMS = 0;βLMS = 0

DKL ∆DK L/s =
√

[∆(L−M)/s]2 +αDK L∆[S − (L+M)]/s2 αDK L = 0.008 αDK L = 0.02

4.5. CONCLUSIONS
In this study, 21 observers observed pairs of temporal color transitions around several base
colors at several speeds, and indicated which of the two appeared to change faster. The
responses allowed us to determine the point of subjective equality of speed between different
color transitions. The stimuli were presented with a field of view of 4.3 deg with a static
(adaptation) surround of 4000 K. Such a viewing condition is similar to what has been used
to develop the CIELAB color space. We found that the color transitions around different
hues needed to have different speeds, in terms of ∆E∗

ab/s, in order to appear to change at
the same speed. Specifically, the transition around the base color of yellow, green, blue, and
purple needed to change at a speed of 5.89, 12.28, 15.27, and 4.98 ∆E∗

ab/s, respectively, so
that it appeared to change as fast as a transition around the base color of red at a speed
of 10 ∆E∗

ab/s. This finding indicates that ∆E∗
ab/s is not a suitable measure to predict the

perceived speed of color changes, and that CIELAB is not a temporally uniform color space.
We made preliminary attempts to derive scaling factors to improve the temporal uniformity
of CIELAB and the cone-excitation spaces LMS and DKL. Given the current popularity of
dynamic lighting, additional studies are needed to further improve the temporal uniformity
of CIELAB.
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5
An Experimental Comparison of Threshold
Methods for Chromatic Flicker Detection:
Accuracy, Precision and Efficiency

At present, all existing color spaces fail to accurately describe the perception of temporal
color differences. Knowledge on the detection threshold of chromatic flicker under a wide
range of conditions is essential for developing an accurate temporal color model. However,
literature has shown inconclusive results on which psychometric method is most suitable for
measuring detection thresholds. The aim of the present study was to compare the accuracy,
precision and efficiency of five commonly used psychophysical methods for measuring
the detection threshold of chromatic flicker. The methods employed were: (1) the classical
1-up-1-down staircase method with a yes-no task, (2) the weighted 3-up-1-down staircase
method with a 2AFC task, (3) the method of constant stimuli with a 2AFC task, (4) the method
of adjustment without reference, and, (5) the method of adjustment with reference. The
chromatic flicker stimuli were temporally modulated with a square wave, i.e. two colors were
shown alternately, where the mean chromaticity of the two colors was either 2700K, 4000K
or 6500K, and the temporal frequency could be 2 Hz or 4 Hz. We found that each method has
its advantages and disadvantages. Overall, the method of adjustment without a reference
is recommended for future research on chromatic flicker detection, as it is very efficient, it
is quite accurate compared to the assumed ground truth threshold and the variance of the
threshold is comparable to those of the other methods.
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AN EXPERIMENTAL COMPARISON OF THRESHOLD METHODS FOR CHROMATIC FLICKER

DETECTION: ACCURACY, PRECISION AND EFFICIENCY

5.1. INTRODUCTION
Nowadays, dynamic colored light is often being used in several applications, for instance,
to create appealing atmospheres [40, 145, 97] or to enhance the immersive experience of
displays, such as the Philips Amibilight TV [115]. Applications of dynamic light have been
limited in the past, mainly because traditional lighting technologies did not allow easy
control of colored light. The introduction of light emitting diodes (LEDs) in lighting has
changed the playing field, since it enables inexpensive ways to easily create colored and
dynamic light effects. These colored, dynamic light effects should have certain properties
in order to be attractive to observers: the light should change smoothly over time, both
in luminance and chromaticity, and at the desired (perceived) rate of change [121, 97,
120]. However, current knowledge on human perception of dynamic colored light is still
insufficient to provide guidelines for pleasant implementations. Information that is missing
concerns, among others, the perceived amount of color difference and the perceived rate
of change of transitions from one color to another color. In other words, what is finally
needed is a perceptually uniform color space for dynamic light. Chromatic flicker is a useful
paradigm to study the sensitivity of human observers to temporal color differences.

Flicker is defined as “the impression of unsteadiness of visual perception induced by
a light stimulus whose luminance or spectral distribution fluctuates with time. . . ” [48].
The study of chromatic flicker dates back to the 1910s, when Ives and Troland used hete-
rochromatic flicker photometry to determine when two colors match in brightness. Hete-
rochromatic flicker photometry is based on the observation that two alternating lights of
different color appear steady at frequencies above the chromatic critical fusion frequency
(CCFF). The CCFF has been found to depend on the color pair [140] and the retinal illumi-
nance [44, 140]. At frequencies below the CCFF, the sensitivity to chromatic flicker depends
on the frequency, which can be described by the temporal contrast sensitivity function
(TCSF). However, literature shows inclusive results on the shape of the TCSF. Some studies
have found a bandpass function that peaks around 4 Hz [36, 122], whereas other studies
have reported low pass characteristics [45, 34, 136]. The sensitivity has also been found
to depend on the mean (adapting) luminance and stimulus size [136]. However, due to
limited capabilities of previous lighting technologies, most studies have investigated mainly
red-green chromatic flicker. Currently, LEDs enable us to create and study a large variation
in chromatic flicker stimuli, which can therefore significantly enlarge our knowledge on the
perception of dynamic colored light.

The perception of chromatic flicker is usually measured with a psychophysical method
that measures the statistical estimate of the threshold above which the temporal fluctuation
can be detected at a specific probability. Several methods for measuring thresholds have
been used in literature. As pointed out by Treutwein [139], psychophysical methods should
be evaluated in terms of costs and benefits according to the following three aspects:

• Accuracy, bias, or systematic error: these characteristics refer to the deviation of the
measured threshold from the veridical or “true” threshold. In any real psychophysical
experiment, the value of the true threshold is unknown, which makes it impossible to
evaluate the bias of a particular psychophysical method. The bias of a method can
only be determined in simulations.

• Precision: this is related to the variation of the threshold when it is measured repeat-
edly. A high precision corresponds to a small variation.
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• Efficiency: this is related to the number of trials required to achieve a certain precision.
A high efficiency corresponds to a low number of trials. The aim of our study is to
compare the precision and efficiency of several psychophysical methods for measuring
the detection threshold of chromatic flicker. In a later study, the most promising
method will be used to investigate the effect of several parameters on the detection of
chromatic flicker.

5.2. PSYCHOPHYSICAL METHODS

5.2.1. CLASSICAL PSYCHOPHYSICAL METHODS
Psychophysical experiments can be used to measure thresholds, which refers to the stimulus
intensity that corresponds to a certain level of performance (e.g. 50% correct). Two types of
thresholds can be distinguished: detection thresholds and discrimination thresholds [104].
Detection thresholds, also commonly called absolute thresholds, are defined as the minimal
intensity of a stimulus that an observer can just detect. Discrimination thresholds, also
called difference thresholds, refer to the minimal change in intensity that an observer can
just detect. Obviously, in a discrimination experiment at least two alternative stimuli have
to be presented for a given trial, one of which being the reference; the observer is asked
to distinguish between the reference and the other stimulus. In a detection experiment
only one stimulus has to be presented and the observer is asked to evaluate this stimulus.
However, any number of alternative stimuli can be presented, for instance, including a blank
stimulus. In that case, the observer is asked to distinguish between the blank and the other
stimulus.

Fechner [24] proposed three types of methods for estimating perceptual thresholds, now
called classical psychophysical methods: the method of constant stimuli, the method of
limits and the method of adjustment. The methods differ in the decision task of the observer
and in the stimulus presentation mode. The first two methods employ a judgement task,
where the experimenter controls the presentation of the stimuli using a specific procedure
and the observer makes a judgment. The method of adjustment uses an adjustment task,
where the observer adjusts the stimuli to satisfy a perceptual criterion specified by the
experimenter (e.g. to find the just noticeable stimulus intensity). Adjustment experiments
are usually more efficient than judgement experiments because they directly yield the
physical stimulus that corresponds to the criterion. However, observers may interpret
the perceptual criterion differently, which may confound the results. Judgement tasks
measure human response as a function of an experimental parameter, e.g. the intensity
of a stimulus, to find the value that corresponds to a perceptual criterion. Judgement
experiments can differ in the type and number of alternative responses that the observer is
allowed to give. In a yes-no task, sometimes called simple forced choice task, the observer
has two response options: “yes, the stimulus or phenomenon was present” or “no, the
stimulus or phenomenon was not present”. In a two-alternative forced choice task (2AFC)
two stimuli are presented, one of which is the target stimulus, and the observer is forced
to choose which of the stimuli is the target one. Similarly, also n-alternative forced choice
experiments exist.

METHOD OF CONSTANT STIMULI

In the method of constant stimuli, a number of stimulus intensities, which are likely to
include the threshold value, are chosen by the experimenter. Each stimulus intensity is
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presented multiple times (not less than 20, as suggested by Ehrenstein and Ehrenstein [18];
at least 10, as suggested by Fairchild [21]). In practice, some “catch trials” are included where
there is no stimulus presented (or a stimulus with zero intensity) to check if participants
understand the task and respond as expected. The resulting set of stimuli is presented one
by one to an observer in a random order. After each stimulus presentation, a response
is recorded (e.g. “yes” or “no”). The frequency or percentage of one response category
plotted against the stimulus intensity results in a psychometric function (see Figure 5.1). A
psychometric function usually is a sigmoid curve and not a step function, corresponding to
the fact that perception is a statistical property. The internal representation of a stimulus
intensity is usually described by a variable with a normal distribution, representing internal
noise [18]. In a yes-no task, the threshold is usually defined as the stimulus intensity that
corresponds to 50% “yes” responses, which is equivalent to 75% correct responses in a 2AFC
task.

Figure 5.1: Illustration of a psychometric function: the percentage of responses “yes” is plotted against stimulus
intensity.

The advantage of the method of constant stimuli is that it provides an estimate of both
the threshold and the variance of the distribution of the internal stimulus representation,
given by the slope of the psychometric function. Moreover, it is often assumed to be the
most accurate method for measuring thresholds. However, Levison and Restle [76] showed
that the psychometric function is shifted toward the center of the chosen intensity levels,
because of the tendency of participants to use available responses with equal frequency
[119]. Intensity levels are usually chosen based on reported thresholds from literature or pilot
studies. Hence, results can be influenced by pre-experimental expectations. Researchers
also have different opinions about the efficiency of the method of constant stimuli. Based
on Monte Carlo simulations, Simpson [126] claimed that the method of constant stimuli is
more efficient than the method of limits for 100 trials or less. Watson and Fitzhugh [152]
indicated some unreasonable assumptions in Simpons’s simulation model and drew the
opposite conclusion, namely that the method of constant stimuli is inefficient.
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METHOD OF LIMITS

In the method of limits, stimuli are presented in either ascending or descending order
until the observer indicates that a predefined criterion is met. In the context of measuring
detection thresholds, for ascending series, the first stimulus is presented at an imperceptible
intensity and the intensity gradually increases until the observer can perceive the stimulus.
For descending series, a clearly perceptible stimulus is presented initially and the intensity
gradually decreases until the observer cannot perceive the stimulus any longer. The same
procedure is used for measuring discrimination thresholds, but then the intensity of the
reference stimulus is kept constant, while the intensity of the target stimulus decreases or
increases.

This method is easy to implement, however, the observer may get used to reporting
a response and may continue reporting that same response even beyond the threshold,
which is referred to as the error of habituation. Conversely, the observer may anticipate that
the threshold stimulus is about to come and may make a premature judgement, which is
referred to as the error of anticipation [76]. As a result, ascending and descending series often
yield small, yet systematic differences in thresholds [18]. A possible solution to overcome
this is presenting both ascending and descending series, and averaging the corresponding
thresholds [18, 25]. Another solution is to use adaptive methods, as described in Section
5.2.3.

METHOD OF ADJUSTMENT

In the method of adjustment, the observer controls the stimulus intensity towards a level
that meets a criterion specified by the experimenter. The method is widely used, but may
result, as mentioned before, in a large variance because observers can interpret the criterion
differently. The latter issue can be alleviated by training observers to raise or lower their
criterion[104]. Similar as with the method of limits, the error of anticipation may impact
thresholds measured with the method of adjustment. Thus the intensity of the first stimulus
may influence the measured threshold [50]. In addition, limited efforts have been done to
evaluate the influence of the stimulus intensity that is being presented first. A big advantage
of the method of adjustment is that it can be quite efficient.

All psychophysical methods described above suffer from one or more deficits [23]. The
methods with either a yes-no task or an adjustment task have no control over the decision
criterion of the participant, which means that the sensitivity of the sensory process is
confounded with the response criterion [41]. The alternative is to use a 2AFC task or to
apply Signal Detection Theory [100]. In the latter case, both trials with a signal and trials
without a signal are presented. Based on the proportions of the Hit rate (i.e. the signal is
present and the observer responds “yes”) and the False Alarm rate (i.e. the signal is absent
and the observer responds “yes”), the sensitivity (called d-prime) and the decision criterion
(called β) can be estimated. However, this means that the number of stimili may be doubled.
Another deficit of the classical methods is that a large amout of stimili are presented far from
threshold, leading to a waste of data [23]. To remedy this deficit, adaptive psychophysical
methods have been proposed.

5.2.2. ADAPTIVE PSYCHOPHYSICAL METHODS

In adaptive psychophysical methods, the intensity of the stimulus that is presented is not
predefined but depends on the response(s) of the observer to a previous trial(s). Adaptive
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algorithms for the measurement of sensory functions have been introduced in the1930s
[75], and various variations of the method have been used since then. Treutwein [139]
presents a comprehensive overview of adaptive methods including criteria for choosing
among the various techniques. Most methods yield only a threshold value, and in some
cases, other characteristics of the psychometric function (such as the slope) can be estimated
as well.Leek [75] has reviewed the utility of the adaptive methods and the circumstances
under which one method might be more appropriate than another method, based on both
simulations and perception experiments. What all methods have in common is that they
need to address the following issues [62]:

• the starting stimulus value (e.g. amplitude or intensity);

• a stimulus placement rule for the next trial, including the step size (i.e. the difference
in stimulus value) and the tracking algorithm (i.e. when the stimulus should change);

• a termination rule;

• a rule to estimate the psychometric parameters (e.g. threshold and slope) based on
previous responses.

The review by Leek [75] classifies the adaptive methods into three categories: parame-
ter estimation by sequential testing (PEST), maximum-likelihood adaptive methods and
staircase methods. Since we use the staircase method in our experiment, we describe
this method more explicitly in the next sub-section. More information on the PEST and
maximum-likelihood method can be found in Taylor and Creelman [137] and Watson and
Pelli [153].

STAIRCASE METHOD

The staircase method, also known as the “up-down” method, was developed by Dixon
and Mood [14]. It is a variation of the method of limits, where the stimulus level does
not continuously decrease or increase, but either decreases or increases depending on
whether the phenomenon is observed in the previous trial(s) or not. In the simple up-down
method (1-up-1-down) the stimulus intensity is increased after each negative response and
decreased after each positive response. This converges to the 50% performance point of
the psychometric function. Levitt [77] proposed the transformed up-down method, where
the stimulus level changes depending on the responses of two or more of the preceding
trials, making it possible to measure other points of the psychometric function. For example,
a transformed n-up-m-down method means that the stimulus level increases with a step
size D after each n continuous negative (or incorrect) responses and decreases with a step
size D after each m continuous positive (or correct) responses. Kaernbach [51] described
a weighted up-down method that could be used to estimate even more points on the
psychometric curve, by removing the requirement that the step size D− for decreasing the
stimulus equals the step size D+ for increasing the stimulus. Note that a weighted n-up-m-
down method actually corresponds to a 1-up-1-down method, but with D+/D− = n/m.

Also, other variables of the staircase method, such as the starting value, termination
criterion, the number of reversal points (i.e., the number of times in which the stimulus
intensity changes from increasing to decreasing, or vice versa) used to estimate the threshold
and the number of staircases run to obtain a final estimate have been widely discussed. For
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example, García-Pérez [26, 27, 31, 28, 30] extensively studied both yes-no staircases and
forced-choice staircases using simulation techniques, and demonstrated that using steps up
and down of different size and in a certain ratio stabilizes the performance of a staircase.

5.2.3. COMPARISON OF THRESHOLD METHODS

Many studies have been conducted to compare different methods for measuring thresholds
and different configurations of these methods (such as the starting value). Since simulations
give fast results at a low cost, and are the only way to evaluate the accuracy of a psychometric
method, most of these studies are based on computer simulations. In simulations, an ideal
observer is assumed, while in reality, many factors (such as the instructions of the experi-
menter) may influence the observer’s behavior. Besides, an observer may make decisions
in irrational ways [41]. All these uncontrollable factors may lead to differences between
simulations and real experimental results. Therefore, experiments with real observers are
needed to confirm the conclusions of simulations.

There are a couple of studies in literature that have used real observers for comparing
different threshold methods. For example, Wier, Jesteadt, and Green [158] compared the
method of adjustment, the transformed 1-up-2-down staircase method and the method of
constant stimuli to measure auditory frequency discrimination. Estimates of the threshold
using the method of adjustment were on average a factor 2 smaller than those of the other
two methods. They argued that the adjustment method depended on a number of factors
(such as the step size to adjust the stimulus levels and the subjects’ strategy for terminating
the trial) that influenced the results. Podlesek and Komidar [106] compared the same three
methods for measuring the displacement of a target moving in a frontal plane. The displace-
ment obtained with the method of adjustment was larger than the displacement obtained
with the other two methods. Also, the variability was largest for the method of adjustment.
This shows that the method of adjustment should be used with caution.Rammsayer [107]
performed an experiment comparing the weighted 3-up-1-down method with the trans-
formed 1-up-2-down method for an auditory temporal discrimination task. He reported that
the weighted up-down method was more efficient than the transformed up-down method
as long as less than 40 trials were presented. In a recent paper, Eisen-Enosh et al. [19] com-
pared the method of limits, the method of constant stimuli and the weighted 3-up-1-down
staircase method to measure the critical flicker-fusion frequency. Their results demonstrate
that all three methods are able to reliably measure the critical flicker frequency with high
repeatability, but that the threshold agreement is highest between the staircase and method
of constant stimuli, while the latter had the lowest efficiency.

5.2.4. OBJECTIVES AND HYPOTHESES

The aim of our study is to compare the precision and efficiency of five commonly used
psychophysical methods for measuring the detection threshold of chromatic flicker. The
above-mentioned literature demonstrates that there is no single most appropriate method
for estimating thresholds. The most appropriate method depends on many (uncontrollable)
factors. Therefore, we directly compared:

1. Method 1: the classical 1-up-1-down staircase method with a yes-no task

2. Method 2: the weighted 3-up-1-down staircase method with a 2AFC task
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3. Method 3: the method of constant stimuli with a 2AFC task

4. Method 4: the method of adjustment without a reference

5. Method 5: the method of adjustment with a reference

In methods 1 and 4, only one chromatic flicker stimulus was presented at a time, and
therefore these methods directly measure the detection threshold. In the other methods,
two stimuli were presented next to each other, i.e., a reference stimulus without flicker and a
test stimulus with chromatic flicker. These methods measure the discrimination threshold
with respect to a static stimulus, which in fact corresponds to the detection threshold of
chromatic flicker. The method of constant stimuli was chosen in order to determine the
entire psychometric function underlying chromatic flicker visibility. The staircase methods
were chosen because they are often found to be relatively efficient, whereas the precision
depends on the specific task. The method of adjustment was included because it is usually
fast, but at the expense of precision and/or accuracy.

As mentioned above, participants have their own criterion to decide when a stimulus is
visible or not. Some participants may be very conservative and give a positive response only
when they are very confident, whereas other participants might be more liberal. Methods
2 and 3 use a 2AFC procedure which reduces the effect of the decision criterion, since
participants are able to compare the stimuli and make a judgment on the difference. As
these two methods appear the same from the participants’ point of view, they are expected to
yield the same estimate of the threshold, at least when the staircase method truly converges
to the 75% performance point on the psychometric function. Methods 1, 4 and 5 do not
control for participants’ criterion and, therefore, the thresholds are expected to deviate from
those measured with Methods 2 and 3. It is not clear from literature whether the threshold is
expected to increase or decrease, since the conclusion of Wier, Jesteadt, and Green [158]
contradicts the conclusion of Podlesek and Komidar [106].

Apart from affecting the threshold, the different methods may also affect the variance
of the threshold. Methods 2 and 3 are expected to have the smallest variance since the
variance of these methods is mainly determined by the difference in sensitivity between
participants and not by the difference in decision criterion, as is the case for the other
methods. In Methods 4 and 5 participants have full control over the stimuli themselves,
which is expected to result in an additional source of variance. The variance of Method 5 is
expected to be slightly smaller than the variance of Method 4, because of the presence of the
reference.

Finally, the various methods are also expected to differ in efficiency. Methods 4 and 5
are known to be usually very efficient, since participants determine themselves when they
reach the threshold. Method 5 is expected to be somewhat less efficient that Method 4, since
it takes some time to compare the test stimulus with the reference. Method 3 is expected to
be the least efficient one, since it shows equal amounts of stimuli at places nearby and far
away from the threshold.

So, to summarize we formulate the following hypotheses:

• The mean of the threshold: Method 2 = Methods 3; Method 1 = Method 4 = Method 5

• The variance of the threshold: Method 3 = Method 2 < Method 1 < Method 5 < Method
4
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• The efficiency of the method: Method 4 > Method 5 > Method 1 > Method 2 > Method
3

5.3. METHODS

5.3.1. EXPERIMENTAL DESIGN

In this experiment, the detection threshold of chromatic flicker was measured for light
that was temporally modulated around a base color at a certain frequency. Five different
methods were used to measure the threshold for three base colors (2700K, 4000K and 6500K)
and two temporal frequencies (2 Hz and 4 Hz). Each condition was repeated several times,
depending on the methodology, as described below. The experiment had a full factorial
within-subject design.

5.3.2. EXPERIMENTAL SETUP

The light source used in the experiment was an LED luminaire containing 3 red, 3 green
and 3 blue LEDs behind a diffuser. The light was controlled by a customized IP-addressable
circuit board connected to a computer through an Ethernet cable. The LEDs were driven by
means of pulse width modulation (PWM) at a driving frequency of 500 Hz and 11-bit levels.
The driver accepted RGB values, ranging from 0 to 2047, in the device dependent color space
of the LEDs. The target stimuli were defined in CIE 1976 UCS (u′, v ′) and transformed via
XYZ to the RGB values of the LEDs.

The luminaire was placed in a box (height: 1.5 m, depth: 0.8 m, width: 1.5 m) with
a circular opening of 26.4 cm diagonal in order to make the light stimuli more uniform
(see Figure 5.2). The inner surfaces of the box were smooth and colored natural white.
Participants looked at the light stimuli from a predefined position of 1.5 m from the front
of the box, which resulted in a visual angle of 10-degrees. Most existing color models are
based on either a 2-degrees or 10-degrees field of view. As our focus is on realistic lighting
applications, we chose a visual angle of 10-degrees. The inner edges of the box and the
luminaire itself were not visible. The stimuli were presented at a luminance of 6.9 cd/m2.
The luminance of the stimuli varied slightly within the circular opening with a maximum
variation of 2.2 cd/m2.

Two identical boxes and LED luminaires were made to enable the use of a two-alternative
forced choice (2AFC) procedure. The visual angle between the two boxes was approximately
45 degrees horizontally (see Figure 5.2(b)). In order to avoid head movements of the partici-
pants, a chinrest was used. Additionally, a standard keyboard was provided as input device
for the participants.

5.3.3. STIMULI

The light of the stimuli was temporally modulated with a square wave, which means that
two colors were shown alternately with a certain time interval. The chromaticity of the two
colors varied around a base color in a predefined direction. Three base colors were selected
on the black body curve (BBC), characterized by their color temperature of 2700K, 4000K,
and 6500K. These values were chosen as they are common in lighting applications. The
corresponding chromaticity coordinates of the base colors in the CIE 1976 UCS color space,
computed with the equations of Krystek [66], are presented in Table 5.1. Since the main
purpose of this study was to investigate the effect of methodology, only one direction of the
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Figure 5.2: (a) Overview of the experimental setup. (b) Top view of the participant and stimuli. (c) Front view
of the stimuli.

chromaticity modulation was investigated, namely the direction perpendicular to the BBC
in the CIE 1976 UCS color space (see Figure 5.3). The chromaticity coordinates of the two
alternating colors depended on the modulation amplitude.

Table 5.1: The chromaticity coordinates of the three base colors and their modulation direction in CIE 1976
UCS color space and the two modulation frequencies

Base color u′ v′ Modulation Direction Frequency
C1 = 2700K 0.262 0.528 θ1 = 113° 2 Hz, 4 Hz
C2 = 4000K 0.225 0.502 θ1 = 136° 2 Hz, 4 Hz
C3 = 6500K 0.200 0.465 θ1 = 153° 2 Hz, 4 Hz

Even though the physical luminance of the two alternating colors was equal, participants
could perceive the luminance to be different due to individual deviations from the luminous
efficiency function of the standard observer [82, 113]. Therefore, it might be possible that
participants detect luminance flicker rather than chromatic flicker. Since people are more
sensitive to chromatic flicker than luminance flicker at low frequencies [136], we choose
modulation frequencies of 2 Hz and 4 Hz in order to minimize a possible influence of
perceived luminance flicker.

5.3.4. METHODOLOGY
The following methods were used to measure the detection threshold of chromatic flicker:
(1) the classical staircase method with a yes-no task, (2) the weighted 3-up-1-down staircase
method with a 2AFC task, (3) the constant stimuli method with a 2AFC task, (4) the method
of adjustment without a reference, and (5) the method of adjustment with a reference.
Parameters related to the specific implementation of these methods (for example, the
number of repetitions and the starting point) were determined based on multiple pilot
experiments. Design choices were made with additional criteria in mind, such as taking
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Figure 5.3: Representation of the three base colors (C1,C2,C3), an example modulation amplitude (A1, A2, A3),
and the modulation directions (θ1,θ2,θ3) together with the black body curve in the CIE 1976 UCS color space.

care that comparable number of stimuli were used for all methods and that all experimental
sessions required a comparable amount of time of about 30 minutes (in order to avoid an
effect of experimental fatigue between the different methods).

METHOD 1: CLASSICAL STAIRCASE WITH YES-NO TASK

The general procedure of this method is described in Section 5.2.2. The first stimulus that
was presented had a clearly visible chromatic modulation with an amplitude of 0.05∆(u′, v ′).
The stimulus presented in the n-th trial had an amplitude indicated by An. If the response
to this stimulus was “no”, the amplitude An+1 of the stimulus at the (n + 1)-th trial was
increased by a factor F+, and if the response was “yes”, the amplitude was decreased by a
factor F−. The actual factor depended on the passed number of reversal points as indicated
in Table 5.2; at the start of the staircase the factor was 1.15 (or 1.1−5) and after 4 reversal
points it was reduced to 1.12 (or 1.1−2). There were two reasons for changing the modulation
amplitude by means of a factor instead of a fixed step; the first being that negative amplitude
values could be avoided, the second being that it was more logical to change the amplitude
on a logarithmic scale, according to the Weber–Fechner Law. After nine reversal points the
staircase procedure ended, and the threshold was calculated as the average over the last four
reversal points. For each base color, six staircases (i.e. 2 frequencies × 3 repetitions) were
intermingled. Therefore, participants had no idea which staircase they were executing, and
they could not anticipate on their responses.

METHOD 2: WEIGHTED STAIRCASE WITH 2AFC TASK

As described in Section 5.2.2, this method measures the 75% discrimination threshold of a
chromatic flicker stimulus with a static reference stimulus, and as such the threshold can be
interpreted as the detection threshold of chromatic flicker. The procedure was very similar
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Table 5.2: Parameters for the implementation of the staircases for Method 1 and Method 2. Note that the value
of α is changing depending on the number of reversal points. From 1 to 4 reversal points α is 5, while from 5 to
9 reversal points α is 2.

Method Up/down rule F+ F- Starting value
1 1/1 An+1

An
= 1.1α An+1

An
= 1.1−α ∆(u′, v ′) = 0.05

2 3/1 An+1
An

= 1.13α

to that of Method 1. The staircase started with a clearly visible chromatic modulation of 0.05
∆(u′, v ′). Also, the amplitude was increased after a “no” response and decreased after a “yes”
response. However, the factor F+ was different, as shown in Table 5.2.

METHOD 3: CONSTANT STIMULI WITH 2AFC TASK

This method aims to measure the entire psychometric curve and uses a predefined set of
amplitudes. In our experiment, nine modulation amplitudes Acs =

{
Ai |i = 1,2,3 . . . ,9

}
were

selected. The first amplitude corresponded to A1 = 0, which is a static stimulus, and the
last amplitude corresponded to A9 = 0.05∆(u′, v ′), which corresponds to a stimulus with
obvious flicker. These stimuli served as catch trials (as explained in Section 5.2.1) to check
if people understood the task. The other seven amplitudes were different per participant
and were calculated based on the data obtained from both staircase methods, i.e., Method 1
and Method 2. For each participant, a psychometric function was fitted (see Section 5.3.7)
on the combined data of the two methods using a generalized linear model (GLM). A2 and
A8 were deduced from this fit and corresponded to the amplitude for which the percentage
“yes” responses was 15% and 85%, respectively. The remaining amplitudes from A3 to A7

were linearly interpolated. All amplitudes were presented ten times. In order to reduce order
effects, as found in literature [87], the resulting 180 stimuli of a base color were grouped in
10 blocks; within each block the nine amplitudes for the two frequencies were presented in
a random order.

METHOD 4: METHOD OF ADJUSTMENT WITHOUT REFERENCE

In this method, participants were instructed to increase or decrease the amplitude of the
chromatic flicker stimulus and to select the smallest amplitude at which the flicker was just
visible. The method started either from a clearly visible flickering stimulus with a chromatic
modulation of 0.05 ∆(u′, v ′), or from a visually non-flickering stimulus with an amplitude of
0.0004 ∆(u′, v ′). The modulation amplitude could be changed with a large or smaller factor,
depending on how close the participants considered themselves to be near the threshold.
The large factor was:

An+1

An
= 1.1±5

whereas the small factor was:
An+1

An
= 1.1±2

where in both cases An refers to the amplitude of the n-th trial; + and - correspond to
increasing and decreasing the amplitude respectively. Each participant performed the
adjustment three times starting from an amplitude of 0.05 ∆(u′, v ′), and three times starting
from an amplitude of 0.0004 ∆(u′, v ′). So, they performed six adjustments per base color
and frequency.
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METHOD 5: METHOD OF ADJUSTMENT WITH REFERENCE

This method only differed from Method 4 in the sense that two stimuli were presented: a
static reference stimulus and a chromatic flicker stimulus. Participants were instructed to
increase or decrease the amplitude of the chromatic flicker stimulus with either a large or a
smaller factor until they reached the smallest amplitude at which the difference between
the two stimuli was just visible. Again, all participants performed three adjustments starting
from a clearly visible flickering stimulus with an amplitude of 0.05 ∆(u′, v ′), and three
adjustments from a visually non-flickering stimulus with an amplitude of ∆(u′, v ′).

5.3.5. PARTICIPANTS

Thirty-two young adults (26 males and 6 females) participated in the experiment. Their age
ranged from 19 to 29 years (M = 23, SD = 2.5). Among the participants, twenty-one persons
executed all five methods (of which 19 were male and 2 were female, aging from 19 to 29
years, M = 23, SD = 2.4). The other eleven persons only participated in Method 1, 2 and 3.
Participants that were susceptible to migraine and/or epileptic seizures were excluded from
participation. All participants had normal color vision, as measured with the Ishihara test
for color deficiency. Six of the participants had previous experience with visual perception
experiments.

5.3.6. PROCEDURE

The participants executed the methods in separate sessions on different days, taking into
consideration that measuring all methods at once would be too tiring. All participants
started with Method 1, followed by Method 2 and then Method 3. Ten of the participants
continued with Method 4 and then Method 5, and, eleven participants continued with
Method 5 and then Method 4.

Before the start of the first session, participants were asked to sign an informed consent
form, in which they were informed that they could quit the experiment anytime. Another
form was used to collect information on: demographics (age, gender), whether they had
glasses or lenses and whether they had experience with visual perception experiments
before. Then they were asked to perform an Ishihara color blindness test and a visual
acuity test. In each session, the task of the participant was explained both in text and
orally by the experimenter. Then the participants were instructed to sit down in the chair
at the predefined position. They could adjust the chinrest and the height of the chair to
a comfortable position before the experiment started. They were instructed to look at a
fixation point in the center of the circular opening when judging the stimulus (both when one
and two boxes were used). After the lights in the room were turned off, some demonstration
stimuli were shown to the participants and they could practice for a few trials. Whenever
necessary, the experimenter answered questions asked by the participants before the actual
start of the experimental trials.

In Method 1, one stimulus was presented at a time in the box at the left side. Participants
were instructed to use the left and right arrow buttons to indicate if the stimulus was
flickering or not. They were asked to respond quickly (i.e. based on their first impression)
but accurately. The staircases of the three base colors were presented in three consecutive
blocks, as indicated in Figure 5.4. The order of the base colors was counterbalanced between
participants to avoid a possible confounding factor. For each block, first the corresponding
base color was shown for one second, and then a beep sound indicated the presentation
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of the chromatic flicker stimulus. Participants could look at the stimulus without any time
restriction. After pressing one of the two buttons, the same base color was shown again for
one second, followed by the next chromatic flicker stimulus, as determined by the staircase
procedure.

Response

1s var 1s var
BCSTIM BC STIM

Beep Beep

Response

1s var 1s var
BCSTIM BC STIM

Beep Beep

Response

1s var 1s var
BCSTIM BC STIM

Beep Beep

Base Color #1 Base Color #2 Base Color #3
START FINISH

Figure 5.4: Time line for the psychophysical procedure of Method 1, Method 2, and Method 3; BC stands for
base color, while STIM stands for stimulus (which can be with or without a reference.)

In Method 2 and Method 3, the flicker stimulus and the reference were presented simul-
taneously in the two neighboring boxes. Again, the three base colors were assessed one
after the other (in a counterbalancing order) with the same time line as shown in Figure 5.4.
Participants were instructed to use the left and right arrow buttons to indicate whether the
flicker stimulus was shown on the left side or the right side, while for each trial the flicker
stimulus was presented randomly at one of the sides.

In Method 4, one stimulus was presented at a time in the box at the left side. Again, the
adjustments for the three base colors were executed one after the other in a counterbalancing
order. Each adjustment started with presenting the corresponding base color for 10 seconds,
after which a beep sound indicated that the chromatic flicker stimulus with either a very
high or a very low amplitude was ready to be adjusted, as shown in Figure 5.5. Participants
could use the up and down arrow buttons to increase or decrease the amplitude of the flicker
stimulus with a large step, while the left arrow and right arrow buttons could be used to
change the amplitude with a small step. Participants were instructed to find the stimulus,
for which they just saw flicker. When they reached the system’s lower boundary (at 0.00004
∆(u′, v ′)) or higher boundary (at 0.05 ∆(u′, v ′)), they heard a warning signal to indicate that
they could not go lower or higher, respectively. Participants were free to use their strategy
but they were suggested to look at the final stimulus for one or two seconds before deciding
to press the Enter button to end the adjustment procedure. A beep sound indicated the
start of a new adjustment. All 12 conditions per base color (i.e., 2 frequencies × 2 starting
amplitudes × 3 repetitions) were presented in a random order.

In Method 5, a flicker stimulus was presented in the box at the left and a static stimulus
(the reference) in the box at the right side. Participants were explicitly told to compare the
two stimuli in their assessment of seeing flicker. The rest of the procedure was equal to that
of Method 4.

After each method (except for Method 3, because the task of the participants was the
same as for Method 2), participants were asked to answer some questions regarding their
experience with the method. During the experiment, we stored all threshold data, but also
the amplitude of all stimuli that were presented together with the time log. These data were
used for further analysis of variance and efficiency.
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‘Enter’

10s var 1s var
BC ADJ BC ADJ

Beep Beep
‘Enter’

10s var 1s var
BC ADJ BC ADJ

Beep Beep
‘Enter’

10s var 1s var
BC ADJ BC ADJ

Beep Beep

Base Color #1 Base Color #2 Base Color #3
START FINISH

Figure 5.5: Time line for the psychophysical procedure of Method 4 and Method 5; BC stands for base color
and ADJ means the adjustment procedure.

5.3.7. ANALYSES
The data of the five methods were analyzed in several consecutive steps as described below.

THRESHOLD CALCULATION

The first step was to get detection thresholds from the data. For both staircase methods
(Method 1 and Method 2), the threshold was computed as the average over the last four
reversal points. This resulted in 576 threshold values per method (i.e., 3 base colors × 2
frequencies × 3 repetitions × 32 participants). Since the amplitude updating-rule was for-
mulated on a logarithmic scale, the threshold values were expressed as the logarithm of the
chromatic modulation in ∆(u′, v ′). In Method 3, nine stimulus amplitudes were presented
ten times for each condition. In order to estimate the threshold of a given condition, a
psychometric function was fitted through the (nine) correct response rates as a function of
amplitude (on a logarithmic scale) using a generalized linear model (GLM). In particular, we
fitted a logistic function:

f = 1

1+e−(a+bx)
×100% (5.1)

where a corresponds to the amplitude at which the response rate is 50%, while b corresponds
to the steepness of the psychometric function. Finally, the amplitude corresponding to a
probability of 75% was taken as the estimated threshold value. This procedure resulted
in 192 (i.e. 3 base colors × 2 frequencies × 32 participants) threshold values. Method 4
and Method 5 comprised six adjustments per condition: three times starting from a high
amplitude and three times from a low amplitude. For each adjustment, the modulation
amplitude of the chromatic flicker stimulus that was presented at the moment that the
participant pressed the ‘Enter’ button, was taken as the estimated threshold value. This
resulted in 756 (i.e. 3 base colors × 2 frequencies × 2 starting amplitudes × 3 repetitions ×
21 participants) threshold values.

OUTLIER REMOVAL

Before analyzing the results statistically, we removed outliers at two different levels. At
the first level, all the data of a participant for a given method were removed from further
analysis when the participant was considered insufficiently sensitive to chromatic flicker or
misunderstood the task. This was done only for Method 1, 2 and 3 by taking all responses per
participant to the obviously flickering stimulus with a modulation amplitude of 0.05∆(u′, v ′).
When a participant indicated less than 80% of the time to see flicker in that stimulus, all the
data of that participant for that method were removed. At the second level, the data of a
participant was removed only for a specific condition (e.g. base color and/or frequency).
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Outliers for a condition were not detected with the most common “mean plus or minus
three standard deviations” rule, but were based on the Median Absolute Deviation (MAD),
as that method is more accurate to detect outliers [78]. We calculated the corrected Z -score
of the threshold averaged across repetitions for each condition, and considerd the threshold
as an outlier if the absolute value of the corrected Z -score was larger than 2.5, as suggested
by Leys et al. [78].

STATISTICAL ANALYSES

After removing the outliers, the following analyses were performed, using the Statistics
Toolbox of MATLAB (Release R2015b) and IBM SPSS Statistics for Windows (Version 23).

Reliability of repeated measurements

As mentioned above, participants performed multiple repetitions of the same condition
(i.e. base color, frequency and starting amplitude). This resulted in three thresholds per
condition for Method 1 and Method 2 (based on the three staircases), one threshold per
condition for Method 3 (based on the ten repetitions of the nine amplitudes) and three
thresholds per condition for Method 4 and Method 5 (based on the three adjustments). Since
each staircase consisted of multiple trials and all staircases were intermingled, there was no
well-defined chronological order in the three measures, whereas this was the case for the
methods of adjustment. The reliability of the three repeated measurements was evaluated
with the Intraclass Correlation Coefficient (ICC). Following the guideline proposed by Koo
and Li [63], a single-measurement, absolute-agreement, two-way mixed-effects model was
used to calculate the ICCs.

Effect of number of repetitions on the variance of the Detection Threshold

We tested if increasing the number of repetitions would reduce the variance of the
detection threshold. Therefore, we calculated the mean threshold per condition in three
different ways: (1) based on one measurement, (2) based on two measurements, (3) based
on three measurements. For Method 1 and Method 2, the measurements were randomly
selected from the three repetitions, because they did not have a well-defined chronological
order. However, this random selection is only allowed if the reliability of the three measures
is high. For Method 4 and Method 5, we used the first repetition, the first two repetitions and
the three repetitions, respectively. Next, a Levene test was performed to test if the variance
changed for the three estimates of the detection threshold depending on the number of
repetitions.

Effect of Base Color, Frequency and Starting Amplitude on the Detection Threshold

We performed a linear mixed model (LMM) analysis on the relationship between the
Detection Threshold as dependent variable and the Base Color, Frequency and Starting
Amplitude (only in Method 4 and Method 5) as the fixed independent variables. We also
included the interaction terms of the fixed variables and a random intercept for the subjects.
For the Detection Threshold we always used the average over the various repetitions, since
anyway that is the best estimate of the threshold available. The resulting p-values were
obtained from a Type III sum of squares. Post-hoc analyses with Bonferroni correction were
performed for the significant effects wherever possible.

Normality test and clustering analysis

Where relevant, we checked the normality of the data using the Shapiro–Wilk test. A

70



5.4. RESULTS

5

possible reason for data not being normally distributed may be different response behavior
between participants. We performed hierarchical clustering analyses to check whether
participants could be grouped in clusters depending on their threshold data. Here we
excluded the participants that were defined as outliers (at the first level), but since the
hierarchical clustering algorithm could not handle missing values, the outliers based on a
single condition of a participant were included. Two hierarchical clustering methods with
a different distance metric were used: (1) Euclidean distance, and (2) linear correlation
distance. Where clusters were found, we repeated the LMM analyses as described above for
each cluster.

5.4. RESULTS
In this section, we first report the results for each method. In the last sub-section, we
statistically analyze the differences between the five methods.

5.4.1. RESULTS OF METHOD 1 – CLASSICAL STAIRCASE WITH YES-NO TASK

When checking the data on outliers according to the procedures described in Section 5.3.7,
we removed all (six) threshold values of one participant based on the average response to the
maximum amplitude. In addition, we removed seven threshold values of four participants
based on the corrected Z -scores. So, in total, thirteen threshold values (i.e. 6.8%) were
excluded as outliers. For the remaining thresholds used in further analyses, the corrected
Z -scores ranged between -2.11 and 2.47.

Figure 5.6 shows the detection thresholds expressed in l og10 ∆(u′, v ′) for the three base
colors and the two frequencies. It illustrates that the threshold slightly decreases for increas-
ing color temperature and increases with increasing frequency, especially for the highest
color temperature.

We performed an LMM analysis (as described in Section 5.3.7) to test if Base Color
and Frequency had a significant effect on the detection threshold. The analysis revealed a
significant effect of Base Color (F (2, 147.752) = 46.137, p < 0.001) and Frequency (F (1, 147.901)
= 23.233, p < 0.001), but the interaction between Base Color and Frequency was not significant
(F (2, 147.752) = 0.338, p = 0.713). Post-hoc analyses with Bonferroni correction showed that
the average threshold at 2700K was significantly higher than at 4000K (MD = 0.074, p = 0.001)
and at 6500K (MD = 0.187, p < 0.001), and the threshold at 4000K was significantly higher
than at 6500K (MD =0.113, p < 0.001). Thresholds at 2 Hz were significantly lower than at 4
Hz (MD = 0.078, p < 0.001).

The Shapiro-Wilk test showed that the data of each condition was normally distributed.
Nonetheless, when combining all data, we found three clusters based on the hierarchical
clustering analysis with Euclidean distance; these clusters consisted of 15 (Cluster 1), 12
(Cluster 2) and 4 (Cluster 3) participants, respectively. All participants with one or more
outliers were part of Cluster 3. No clear clusters were found based on the cluster analysis
with linear correlation distances. In order to check if the results were similar for different
groups of participants, we performed an LMM analysis for the participants of Cluster 1,
Cluster 2 and the combination of Cluster 1 and Cluster 2. Cluster 3 was not taken into
account because it contained too few participants. The analyses all revealed a significant
effect of Base Color and Frequency at a 95% confidence level, which corresponds to the
results when the data of all participants were used.
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Figure 5.6: Plot of the detection thresholds expressed in log10 ∆(u′, v ′) of the data (without outliers) obtained
with Method 1 for three base colors and two frequencies. The symbols represent the mean threshold values,
and the error bars indicate the 95% confidence intervals.

5.4.2. RESULTS OF METHOD 2 – WEIGHTED STAIRCASE WITH 2AFC TASK

In total, thirteen threshold values (i.e. 6.8%) were excluded as outliers: all (six) thresholds of
one participant and seven threshold values from five other participants. For the remaining
thresholds used in further analyses, the corrected Z -scores ranged between -1.92 and 2.36.

Figure 5.7 shows the detection threshold of the six conditions measured with Method 2.
The statistical analysis indicated that Base Color had a significant effect on the Detection
Threshold (F (2, 148.701) = 19.856, p < 0.001), while the effect of Frequency (F (1, 148.791) =
0.098, p = 0.754) and the interaction effect between Base Color and Frequency (F (2, 148.867)
= 1.504, p = 0.226) were not significant. Post-hoc analyses showed that the average threshold
at 6500K was significantly lower than at 2700K (MD = 0.216, p < 0.001) and at 4000K (MD
= 0.172, p <= 0.001). However, the base colors of 2700K and 4000K were not significantly
different (MD = 0.044, p = 0.704).

The Shapiro-Wilk test showed that the data of all conditions were normally distributed.
Two clusters could be defined based on the hierarchical cluster analysis with Euclidean
distances, which consisted of 14 (Cluster 1) and 17 (Cluster 2) participants, respectively. No
clear clusters were found based on the analysis with linear correlation distances. Additional
LMM analyses revealed a significant effect of Base Color for each of the two clusters, which is
in agreement with the results including all participants. In addition, a significant interaction
effect between Base Color and Frequency was found for Cluster 1 (F(2,70) = 3.752, p = 0.028),
showing that the threshold increased with frequency for 2700K and 4000 K, but decreased
for 6500K.
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Figure 5.7: Plot of the detection thresholds expressed in log10 ∆(u′, v ′) of the data (without outliers) obtained
with Method 2 for three base colors and two frequencies. The symbols represent the mean threshold values,
and the error bars indicate the 95% confidence intervals.

5.4.3. RESULTS OF METHOD 3 – METHOD OF CONSTANT STIMULI WITH 2AFC
TASK

Four participants had a correct response rate lower than 80% to the stimulus with the
maximum amplitude. Therefore, their data was removed from further analysis. In addition,
the data of one other participant had to be removed due to a technical problem. For the
remaining twenty-seven participants, we checked if their response to the catch stimulus
(with an amplitude of 0) was different from chance. A two-tailed t-test showed that these
percentages were not significantly different from 50% (t(26) = -0.044, p = 0.965), which
means that participants had no clear response bias.

For each participant and each condition, the correct response rates of the nine ampli-
tudes were fitted with a GLM model in MATLAB (using Equation 5.1). The goodness of the
fit can be represented by the deviance of the fit. A deviance of 0 indicates a perfect fit and a
high deviance means that the model does not accurately describe the data. In four cases,
the deviance was zero. However, these fits were not accurate at all, since there was only one
data point that differed from 0% and 100%. Therefore, these four datasets were removed
from further analysis. In other cases, the deviance was relatively high and the fit was visually
quite bad. In order to decide which values of the deviance were acceptable, we used the
criteria that the deviance should follow a normal distribution. As a result, 35 datasets were
removed. The Shapiro-Wilk test showed that the remaining 123 deviance values followed a
normal distribution (M = 13.14, SD = 6.46) (p = 0.054). For these 123 datasets, the detection
threshold was calculated from the fitted psychometric function. Next, fifteen thresholds
were removed as outliers based on corrected Z -scores. So, in the end, 108 thresholds with
corrected Z -scores ranging from -2.45 to 2.19 were used for analyzing the effect of Base Color
and Frequency.

73



5

AN EXPERIMENTAL COMPARISON OF THRESHOLD METHODS FOR CHROMATIC FLICKER

DETECTION: ACCURACY, PRECISION AND EFFICIENCY

In Figure 5.8 the thresholds are plotted for the six conditions measured with Method 3.
The LMM analysis showed that there was only a significant effect of Base Color (F (2, 85.634)
= 14.184, p <= 0.001) on the Detection Threshold. The effect of Frequency (F (1, 85.505) =
2.694), p = 0.104) and the interaction effect between Base Color and Frequency (F (2, 87.441)
= 2.744, p = 0.070) were not significant. The Post-hoc analyses revealed that the average
threshold at 2700K was significantly higher than at 4000K (MD = 0.153, p = 0.012) and at
6500K (MD = 0.276, p <= 0.001). The threshold at 4000K was also significantly higher than at
6500K (MD = 0.124, p = 0.044).

Figure 5.8: Plot of the detection thresholds expressed in log10 ∆(u′, v ′) of the data (without outliers) obtained
with Method 3 for three base colors and two frequencies. The symbols represent the mean threshold values,
and the error bars indicate the 95% confidence intervals.

The Shapiro-Wilk test showed that the 108 thresholds were normally distributed under
all conditions. Since a relatively large part of thresholds was insufficiently reliable for various
reasons (as explained above), we decided not to do a clustering analysis in this case.

5.4.4. RESULTS OF METHOD 4 – METHOD OF ADJUSTMENT WITHOUT REFER-
ENCE

Fifteen threshold values (i.e. 6.0%) from 5 participants were removed as outliers based on
the corrected Z -scores, 7 of which came from one particular participant. For the remaining
thresholds used in further analyses, the corrected Z -scores ranged from -2.47 to 2.40.

Figure 5.9 presents the detection threshold averaged across participants for the three
base colors, the two frequencies and the two starting amplitudes obtained with Method 4.
An LMM analysis revealed a significant effect of Base Color (F (2, 215.781) = 5.851, p = 0.003),
Frequency (F (1, 215.830) = 13.085, p <= 0.001) and Starting Amplitude (F (1, 215.868) = 4.777,
p = 0.030) on the Detection Threshold. None of the interaction effects was significant. Post-
hoc analyses showed that the average detection threshold at 6500K was significantly lower
than at 2700K (MD = 0.111, p = 0.004) and at 4000 K (MD = 0.080, p = 0.049). The detection

74



5.4. RESULTS

5

thresholds at 2700K and 4000K were not significantly different (p = 1.000). Thresholds at 2
Hz were significantly lower compared to 4 Hz (MD = 0.099, p <= 0.001). Finally, a low starting
amplitude resulted in a lower detection threshold compared to a high starting amplitude
(MD = 0.060, p = 0.030).

Figure 5.9: Plot of the detection thresholds expressed in log10 ∆(u′, v ′) of the data (without outliers) obtained
with Method 4 for three base colors, two frequencies and two starting amplitudes. The symbols represent the
mean threshold values, and the error bars indicate the 95% confidence intervals.

The Shapiro-Wilk test showed that the data under all conditions were normally dis-
tributed. Three clusters could be defined based on a hierarchical clustering analysis with
Euclidean distances, which consisted of 9 (Cluster 1), 7 (Cluster 2) and 5 (Cluster 3) partici-
pants, respectively. By inspecting the raw data, we found that the five participants of Cluster
3 were quite inconsistent and had very low threshold values when the starting amplitude
was low. Moreover, four of the five participants in Cluster 3 had one or more outliers. No
clear clusters were found based on the analysis with linear correlation distances. Additional
analyses were performed on the data of Cluster 1 and Cluster 2. Cluster 3 was not taken into
account because it contained only 5 participants. For Cluster 1, only Frequency significantly
affected the Detection Threshold (F (1, 99) = 4.309, p = 0.041). On the other hand, for the
participants of Cluster 2, both Base Color (F (2, 75.007) = 20.899, p <= 0.001) and Frequency
(F (1, 74.839) = 7.806, p = 0.007) had a significant effect. This was also the case when the
participants of Cluster 1 and Cluster 2 were combined (Base Color: F (2, 174.019) = 7.108,
p = 0.001 and Frequency: F (1, 173.991) = 9.580, p = 0.002). This means that the effect of
St ar t i ng Ampli tude disappeared when the participants with inconsistent results were
removed.

5.4.5. RESULTS OF METHOD 5 – METHOD OF ADJUSTMENT WITH REFERENCE
Twenty-four threshold values (i.e. 9.5%) from 5 participants were removed as outliers based
on the corrected Z -scores. One participant was found to be an outlier in all the 12 conditions.
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By checking the raw data of this participant, we found that the modulation amplitudes when
the participant pressed ‘Enter’ were all very close to the system’s lower boundary. This
participant had the most outliers in Method 4 as well. For the remaining thresholds used for
further analysis, the corrected Z -scores ranged from -2.38 to 2.14.

Figure 5.10 presents the detection threshold for the three base colors, the two frequencies
and the two starting amplitudes measured with Method 5. The LMM analysis revealed a
significant effect of Base Color (F (2, 207.899) = 8.535, p <= 0.001), Frequency (F (1, 207.998) =
24.994, p <= 0.001) and Starting Amplitude (F (1, 207.891) = 4.478, p = 0.036) on the Detection
Threshold. No significant interaction effect was found. The Post-hoc analyses showed that
the average threshold at 6500K was significantly lower than at 2700K (MD = 0.115, p = 0.001)
and at 4000K (MD = 0.099, p = 0.004). Thresholds at 2700K and 4000K were not significantly
different (p = 1.000). Thresholds were significantly lower at 2 Hz compared to 4 Hz (MD =
0.124, p <= 0.001). Finally, a low starting amplitude resulted in a lower detection threshold
compared to a high starting amplitude (MD = 0.052, p = 0.036).

Figure 5.10: Plot of the detection thresholds expressed in log10 ∆(u′, v ′) of the data (without outliers) obtained
with Method 5 for three base colors, two frequencies and two starting amplitudes. The symbols represent the
mean threshold values, and the error bars indicate the 95% confidence intervals. The asterisk indicates that
the data of this condition was not normally distributed.

The Shapiro-Wilk test showed that one condition was not normally distributed (as
indicated by the asterisk in Figure 5.10). Three clusters could be defined based on the
analysis with Euclidean distances, and the resulting clusters consisted of 9 (Cluster 1), 8
(Cluster 2) and 3 (Cluster 3) participants, respectively. All participants of Cluster 3 had one
or more outlying values in their measured data. They also had very low threshold values
when the starting amplitude was low. No clear clusters were found based on the analysis
with linear correlation distances. For Cluster 1, Base Color (F (2, 99) = 29.377, p <= 0.001) and
Frequency (F (1, 99) = 12.989, p <= 0.001) significantly affected the Detection Threshold. For
Cluster 2, the effect of Frequency (F (1, 87.010) = 14.335, p <= 0.001) and Starting Amplitude
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ICC 95% CI Result of Levene test
Method 1 0.930 0.902-0.952 F (2, 261) = 0.112, p = 0.894
Method 2 0.293 0.161-0.431 p >0.05 (85% of the case)
Method 4 0.686 0.618-0.746 F (2, 522) = 0.557, p = 0.573
Method 5 0.714 0.650-0.771 F (2, 534) = 0.512, p = 0.600

Table 5.3: Results of the reliability test over repetitions per method in terms of ICC and their 95% confidence
interval (CI). The last column gives the results of a Levene test to check whether the variance depended on the
number of repetitions

(F (1, 87.010) = 4.339, p = 0.040) were significant. For the combination of Cluster 1 and
Cluster 2, Base Color (F (2, 185.996) = 17.176, p <= 0.001), Frequency (F (1, 185.996) = 23.873,
p <= 0.001) and Starting Amplitude (F (1, 185.996) = 5.058, p = 0.026) significantly influenced
the Detection Threshold. This indicates that not for all participants the measured threshold
depended on the starting amplitude.

5.4.6. COMPARISON OF METHODS
In the previous sections (5.4.1 to 5.4.5), the experimental results are shown per method.
However, as mentioned before, we were mainly interested in comparing the methods in
terms of reliability, precision, accuracy and efficiency. Therefore, additional analyses were
performed on the combined data of all methods. Since we found large between-subject
differences in our previous analyses, we decided to only use the data of those participants
who performed all five methods and were not marked as an outlier in any of these methods.
As a result, the data of fifteen participants were used for the following analyses.

RELIABILITY

A psychophysical method should be reliable, meaning that the same results are obtained by
repeating the experiment. The reliability of the repeated measurements was evaluated with
the Intraclass Correlation Coefficient (ICC). Note that Method 3 aimed at measuring the
entire psychometric curve and resulted in only one threshold. Hence, this method was not
included in the reliability analysis. The ICCs of the other four methods are summarized in
Table 5.3. The table illustrates that the reliability was excellent for Method 1, and moderate
for Method 4 and Method 5. When calculating the average standard deviation between
the three measurements, we found a reasonably small value of 0.06 for Method 1, and 0.13
for Method 4 and Method 5. For Method 2, however, the ICC revealed poor reliability. In
this case, the average standard deviation between the measurements was also considerably
larger (i.e., 0.25).

EFFECT OF NUMBER OF REPETITIONS ON THE VARIANCE OF THE DETECTION THRESHOLD

A psychometric method is considered as efficient when the variance does not decrease
significantly when the number repetitions, and hence also the number of trials, increases.
Figure 5.11 shows per method the mean and 95% confidence interval of the detection thresh-
old (averaged across all conditions and all participants) for different number of repetitions.
Again note that for Method 3 we only have one “repetition”. For Method 1, we calculated
the detection threshold by averaging over (1) one randomly selected repetition, (2) two
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randomly selected repetitions, and (3) all three repetitions, which was allowed based on
the high ICC. Since the ICC for Method 2 revealed poor reliability, this procedure would,
however, not yield an accurate representation of the mean and variance. Therefore, we
repeated the procedure of randomly selecting one, two or three repetitions multiples times
(N = 1000) and we plotted the mean confidence interval in Figure 5.11. For Method 4 and
Method 5 we averaged over (1) the first repetition, (2) the first two repetitions, and (3) all
three repetitions, since these were measured in chronological order. A Levene test revealed
that the variance did not change significantly with the number of repetitions for Method 1,
Method 4 and Method 5, which is in line with the observation that the confidence intervals
in Figure 5.11 are similar for different numbers of repetitions. For Method 2, the effect of
repetition was significant only in 15% of the cases, and as can be seen in Figure 5.11, the
mean variance appears to decrease with the number of repetitions. The results of all Levene
tests are summarized in Table 5.3.

Figure 5.11: The detection thresholds expressed in log10 ∆(u′, v ′) averaged across all conditions and partici-
pants using either one, two or three repetitions. The symbols represent the mean threshold values, and the
error bars indicate the 95% confidence intervals. Note that for Method 2, the mean threshold and confidence
interval was based on the mean of the 1000 random selections.

EFFECT OF METHOD, BASE COLOR AND FREQUENCY ON THE DETECTION THRESHOLD

Figure 5.12 shows the detection threshold averaged over all conditions and all (fifteen)
participants for each of the five methods. An LMM analysis was performed with Detection
Threshold as dependent variable and Method, Base Color and Frequency as the fixed inde-
pendent variables, including the interaction terms between these independent variables
and a random intercept for the participants. The Detection Threshold was averaged over the
three repetitions (in all methods except Method 3) and also over the two starting amplitudes
in Method 4 and Method 5. The analysis revealed a significant effect of Base Color (F (2,
397.286) = 27.535, p <= 0.001), Frequency (F (1, 397.326) = 5.464, p = 0.020) and Method (F (4,
397.530) = 15.168, p <= 0.001). No significant interaction effect was found. The Post-hoc
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analyses showed that the average threshold at 6500K was significantly lower than at 2700K
(MD = 0.215, p <= 0.001) and at 4000K (MD = 0.119, p <= 0.001); thresholds at 4000K were
significantly lower than at 2700K (MD = 0.096, p = 0.003). These results are as expected, since
this tendency was also found for each of the methods separately. Thresholds significantly
increased from 2 Hz to 4 Hz (MD = 0.055, p = 0.020). Although this was not significant for
each method separately, all methods showed the same trend. Finally, all methods resulted in
the same value of the mean detection threshold, except for Method 1. The Post-hoc analysis
showed that the detection threshold for Method 1 was significantly higher than for Method
2 (MD = 0.235, p <= 0.001), Method 3 (MD = 0.257, p <= 0. 001), Method 4 (MD = 0.186, p <=
0. 001) and Method 5 (MD = 0.162, p <= 0. 001), respectively. Thus, although all methods
revealed the same trend for the base color and frequency, the actual values of the detection
threshold were not equal for all methods.

Figure 5.12: The detection threshold expressed in log10 ∆(u′, v ′) averaged over all conditions and participants
for each of the five methods. The symbols represent the mean threshold values, and the error bars indicate the
95% confidence intervals.

ACCURACY OF THE METHODS

As mentioned in Section 5.1, accuracy refers to the deviation of the measured threshold from
the veridical or “true” threshold. The veridical threshold can of course never be determined
in an empirical experiment. However, since Method 3 not only measured a threshold, but
estimated the entire psychometric function, we used the data of Method 3 as the ground
truth. In order to estimate the bias, we translated each value of the measured detection
threshold into the percentage of the underlying psychometric function for that condition.
Since the psychometric functions of Method 3 were based on a 2AFC task (with responses
correct varying between 50% and 100% and a threshold at 75%), we first transformed these
into psychometric functions for a yes-no task (with responses “yes” varying between 0% and
100% and a threshold at 50%). Then we calculated the percentage “yes” responses on the
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corresponding hypothetical veridical psychometric function for the detection threshold of
each participant and each condition.

An LMM analysis on the percentage “yes” responses revealed a significant effect of
Method (F (3, 229.543) = 7.899, p <= 0.001). Additional t-tests revealed that the percentage
“yes” responses significantly differed from 50% for Method 1 (t(60) = 6.647, p <= 0.001),
Method 4 (t(60) = 2.600, p = 0.012) and Method 5 (t(62) = 2.112, p = 0.039). Participants
indicated that the chromatic flicker was just visible at a probability of 71%, 59% and 57% for
Method 1, Method 4 and Method 5, respectively. Note that Figure 5.12 shows the same trend
for the mean detection threshold, even though Method 4 and Method 5 were not significantly
different from Method 3. However, by transferring the threshold into a percentage “yes”
responses on the psychometric function measured in Method 3, the values can be directly
compared to a fixed value of 50% and this makes the differences more significant.

EFFICIENCY OF THE METHODS

As pointed out in Section 5.1, efficiency is related to the number of trials required to achieve
a certain precision. So, if the precision between two methods is the same, one can take the
number of trials as a measure of efficiency. As can be seen in Figure 5.12, the variance of all
methods was very similar, which was also confirmed by a Levene test (F (4, 407) = 1.258, p
= 0.286). Since the variance of all methods was the same, we can express the efficiency in
terms of the number of trials required to determine a threshold (Figure 5.13(a)), and the time
needed to determine a threshold (Figure 5.13(b)). Notice that the threshold was measured
three times for the staircase methods and six times for the methods of adjustment (including
a high and low starting amplitude). However, since the variance did not change substantially
when increasing the number of repetitions, we can base the efficiency estimation on a single
measurement of the threshold value. Both graphs of Figure 5.13 show the same trend. As
expected, Method 3 had the highest number of trials per threshold (which was chosen to be
90), and also took longest (approximately 296 seconds). At the same time, it also provided
more information than only the threshold. The two methods of adjustment were most
efficient. Participants used on average 13 trials and took 23 seconds to find the threshold,
both for Method 4 and for Method 5. The two staircase methods performed in between, with
Method 1 being faster and requiring less trials than Method 2.

5.4.7. QUESTIONNAIRE ANALYSIS

Participants were asked to evaluate their experience at the end of a session. In general,
they found the experiment quite difficult for all methods. Participants also thought the
experiment was slightly too long, since most of them experienced eye strain at the end of
the session. Most participants indicated that the method of adjustment was easier when
starting form a high amplitude compared to a low amplitude. In addition, most participants
mentioned that the reference without flicker was useful for the method of adjustment, as
they felt more sure when pressing the ‘Enter’ button. However, some participants reported
that the reference appeared to flicker, which confused them. Since participants had to make
eye movements to be able to compare the test and reference stimuli, the apparent flicker of
the reference stimulus could be caused by flicker adaptation.
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Figure 5.13: (a) The number of trials per threshold for the five methods (Method 3 - the method of constant
stimuli had a fixed number of 90 trials); (b) The time per threshold for the five methods (in second)

5.5. DISCUSSION
This study compared the accuracy, precision and efficiency of five commonly used psy-
chophysical methods for measuring the detection threshold of chromatic flicker. The meth-
ods employed were the classical 1-up-1-down staircase method with a yes-no task (Method
1); the weighted 3-up-1-down staircase method with a 2AFC task (Method 2); the method of
constant stimuli with a 2AFC task (Method 3); the method of adjustment without reference
(Method 4), and, the method of adjustment with reference (Method 5). The chromatic flicker
stimuli were temporally modulated with a square wave, i.e. two colors were shown alter-
nately, where the mean chromaticity of the two colors was either 2700K, 4000K or 6500K, and
the temporal frequency could be 2 Hz or 4 Hz. Below we summarize the main conclusions,
formulate recommendations for future experiments on chromatic flicker detection and
reflect on possible limitations of the study.

5.5.1. EFFECT OF BASE COLOR AND FREQUENCY

When the data of all experiments were combined, we found that the detection threshold
expressed in log10 ∆(u′, v ′) decreased with increasing color temperature of the base color
of the chromatic flicker stimulus. To our knowledge this has not been studied before. It
shows that the CIE 1976 UCS color space is not a suitable model to represent the sensitivity
of human observers to temporal color differences. Other studies have shown that also in the
CIE 1976 L∗a∗b∗ color space, temporal color differences are not perceptually uniform [121,
97]. We also found that the detection threshold increased with frequency from 2 Hz to 4 Hz.
This suggests that chromatic flicker perception exhibits a band-pass behavior. Literature has
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found inconclusive results on the sensitivity to chromatic flicker at relatively low frequencies
(e.g., [36, 45, 136]). Some researchers claim that the increase with frequency is actually
caused by apparent luminance flicker. Hence, much more data is needed on the influence
of frequency, base color and other factors on the perception of chromatic flicker. This can in
the end be used to develop an accurate and useful temporal color space, which is essential
to design pleasant dynamic light. However, before collecting a lot of data, the most efficient
methodology has to be selected.

5.5.2. COMPARISON OF METHODS
The comparison of the five psychometric methods in terms of accuracy, precision and
efficiency yields several recommendations for future research.

ACCURACY

For Method 1, Method 4 and Method 5 the measured threshold deviated from a detection
probability of 50%, assuming that the psychometric function of Method 3 represented the
ground truth. The estimated decision criterion was larger than 50%, which implies that
the observers wanted to be more “confident” to indicate that flicker was visible. However,
it is not known how accurate Method 3 estimated the 50% detection threshold. Literature
indicates that a psychometric function can be shifted towards the center of the chosen
intensity levels [76], for instance, because participants tend to equalize the frequencies
of the (two) response categories [119]. Nevertheless, the detection threshold of Method 3
corresponded to the threshold measured in Method 2. This very promising, because the task
of the participant was the same in these two methods but the stimuli that were presented
could be quite different.

We hypothesized before that the mean threshold of Method 1 would be equal to that of
Method 4 and Method 5, because in all these methods participants were asked to indicate
if they saw the difference or not. However, the yes-no staircase method revealed a higher
threshold. In Method 4 and Method 5, participants knew what the next stimulus would be
since they changed it themselves, whereas in the staircase method the next stimulus was
unknown as it was determined by the system. This might have influenced the strategy that
participants used in their judgement.

The thresholds obtained with an adjustment task (Method 4 and Method 5) were slightly
higher compared to the thresholds obtained with a 2AFC task (Method 2 and Method 3), as
can be seen in Figure 5.12. This was also expected, since the method of adjustment depends
more on the decision criterion of the participant than the 2AFC method, where participants
are forced to judge which of the two stimuli are flickering. However, the differences were
not significant when taking into account the variance between participants. It is, therefore,
interesting that in the case of chromatic flicker perception both methods yield approximately
the same detection thresholds.

PRECISION

For Method 1, 4 and 5 the precision of the detection threshold did not improve by aver-
aging over repeated measurements. This means that the duration of the experiment can
be reduced by measuring the threshold only once. It also indicates that the variance be-
tween participants is larger compared to the variance within participants. Obviously, the
differences between participants cannot be reduced by measuring the threshold per partic-
ipant more often. It has been reported before that there are large individual difference in
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chromatic contrast sensitivity [38].
The reliability of Method 2 was relatively poor and the variance slightly decreased with

more repetitions. The within-subject variability of this method was also larger compared to
the other methods. We noticed that some staircases converged to an unrealistic small or
large value. This was also evident from the outliers, detected through the corrected Z -scores
of the thresholds. It is not clear what caused this large within-subject variability. It may be
related to the nature of the weighted 3-up-1-down staircase method or to the 2AFC task.
Method 1 also used a staircase method, but a different up/down rule. Method 3 also used a
2AFC task, but here we didn’t measure the variability within subjects.

We found that the variance did not significantly differ between the five methods when
all repeated measurements were taken into account. This is contradictory to the hypothesis
formulated in Section 5.2.4. We expected that the variance would be smallest when the effect
of decision criterion was minimized, a reference stimulus was presented and the participants
did not have control over the stimuli. All these conditions were fulfilled in the two methods
with a 2AFC task. Apparently, the variance caused by these factors was negligible compared
to the difference in chromatic flicker sensitivity between participants. This means that for
all methods the variance was mainly dominated by the (same) between-subjects variance.
This could also explain the finding that the mean value of the detection threshold did not
change with number of repetitions for any of the methods.

EFFICIENCY

We found that the method of constant stimuli (Method 3) is the most inefficient method
for determining the detection threshold of chromatic flicker. It needs a substantially larger
number of trials and more time, which may only be worthwhile to invest if one wants to
measure the whole psychometric curve. Apart from the larger time investment in the ex-
perimental execution, it also requires considerable effort upfront in estimating appropriate
intensity levels of the stimuli. Method 2 is the second most inefficient, followed by Method
1, while both Method 4 and Method 5 are the most efficient methods. This is largely in line
with the hypothesis formulated in Section 5.2.4.

Obviously, the efficiency may depend on the design parameters for the experimental
implementation of the different methods. Changing the number of reversal points in a
staircase, or the step sizes in the adjustment method will affect the number of trials and time
needed to measure the threshold. However, since these design parameters may also impact
the variance of the measured threshold, it is hard to predict how they will affect efficiency in
the end.

SUMMARY

If an accurate estimate of the mean detection threshold of chromatic flicker is required and
time is not an issue, one could use the method of constant stimuli with a 2AFC task or the
weighted 3-up-1-down staircase method with a 2AFC task. The method of adjustment with
or without a reference is also a good candidate, but might yield slightly higher values. When
the staircase method with a 2AFC task is being used, it is recommended to use two or more
repetitions in order to reduce the variance of the threshold. When the method of constant
stimuli is being used, one should carefully select the range of modulation amplitudes.
Otherwise, the fitted logistic function might become unreliable for some conditions, as was
the case in our experiment.
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However, when time is limited or when the detection threshold of chromatic flicker
needs to be determined for many different conditions, the method of adjustment without
reference is favorable. It is a factor 3 to 4 more efficient than the staircase methods, it yields
a threshold that is not significantly different from the threshold measured with the other
methods (except for Method 1), and the variance of the threshold is comparable to that of
the other methods. The variance is mainly determined by the relatively larger difference
between participants, so, a within-subject design is recommended.

The positive conclusion on the method of adjustment differs from what is known in
literature. As mentioned, Wier, Jesteadt, and Green [158] and Podlesek and Komidar [106]
concluded that the threshold measured with the method of adjustment was considerably
different from the threshold measured with a staircase method or a method of constant
stimuli, whereas we found very similar thresholds for these methods. In addition, Podlesek
and Komidar [106] showed that the variability in threshold was largest for the method of
adjustment, whereas it was comparable for all methods in our experiment. On the other
hand, our results are in line with the findings of Eisen-Enosh et al. [19], who didn’t use the
method of adjustment, but showed that the method of constant stimuli and a weighted
staircase method obtained high agreement in the measurement of the critical flicker-fusion
frequency, while the method of constant stimuli had the lowest efficiency. It is not a priori
clear why our conclusions differ from the ones of Wier, Jesteadt, and Green [158] and
Podlesek and Komidar [106]. It may be related to the kind of stimulus that is presented (i.e.
an auditory tone for Wier, Jesteadt, and Green [158] and a visual target moving in the frontal
plane for Podlesek and Komidar [106]), and to the degree of variability among people in the
sensitivity to that stimulus.

5.5.3. POSSIBLE LIMITATIONS

FLICKER ADAPTATION

Adaptation is a well-known phenomenon in visual perception, and also flicker adaptation
has been described in literature before [122]), at least for stimuli that fluctuate in lumi-
nance. Therefore, we cann’t exclude that also in our experiment with stimuli fluctuating in
chromaticity, flicker adaptation occurred. So, our measured thresholds might be affected
by attenuations in the observers’ flicker sensitivity after prolonged exposure to flickering
stimuli. We tried to minimize this effect by adding a reference in some of the methods used,
and by using counterbalancing experimental designs where possible. Still, some participants
reported to see flicker in the non-flickering reference stimuli, which might be an indication
of the influence of flicker adaptation.

SELECTING STIMULUS INTENSITIES FOR THE METHOD OF CONSTANT STIMULI

As mentioned earlier, the method of constant stimuli requires some pre-knowledge to select
the right stimulus intensities. Of course, the range of stimulus intensities should be spread
around the threshold intensity level, but the problem is that the threshold is actually un-
known . In literature, the stimuli intensities usually are chosen on the basis of a model or
pilot studies [76]. In our case, we first roughly analyzed the data of both staircase methods
(Method 1 and Method 2) to determine the range of modulation amplitudes for the method
of constant stimuli (Method 3). Since a first look at the data revealed large individual differ-
ences, we estimated the right stimulus range per participant, by averaging over the three
base colors and the two frequencies. The latter might have influenced the accuracy of the
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selected stimulus intensities, since the detection threshold for all methods depended on
the base color, and in most cases also on the frequency. Moreover, we combined the data of
Method 1 and Method 2, while after careful analysis we found a significant difference be-
tween Method 1 and the other methods. This also made the selection of stimulus intensities
less accurate. Indeed, the fit of the psychometric function was not acceptable in many of the
cases, so we had to remove almost half of the data. However, since we found – in the end –
the same threshold for all methods except for Method 1, we can conclude that the threshold
of Method 3 was measured with sufficient accuracy.

5.6. CONCLUSIONS
This study investigated the accuracy, precision and efficiency of five commonly used psy-
chophysical methods for measuring the detection threshold of chromatic flicker. The clas-
sical 1-up-1-down staircase method with a yes-no task (Method 1) was very reliable, the
variance was comparable to the other methods and did not improve with repeated measure-
ments, the efficiency was moderate, but the detection threshold was higher compared to the
other methods. The weighted 3-up-1-down staircase method with a 2AFC task (Metho
-d 2) was less reliable and had the largest within-subject variability, the variance slightly
decreased when two repeated measurements were used, the efficiency was moderate and
the detection threshold was similar to three of the other methods. The method of constant
stimuli with a 2AFC task (Method 3) was very inefficient, it took about 10 times longer than
the most efficient one and it also had the largest number of data that had to be removed
because of inaccuracies. The two methods of adjustment with (Method 4) and without a
reference (Method 5) were quite reliable, the variance was comparable to the other methods
and did not improve with repeated measurements, the efficiency was extremely high, and,
the detection threshold was similar to that of the methods with a 2AFC task. The method of
adjustment without a reference yielded slightly more accurate thresholds than the method
of adjustment with a reference compared to the assumed ground truth data. Therefore, it
is recommended to use the method of adjustment without reference in combination with
a within-subject design in future studies to measure the detection threshold of chromatic
flicker.

The experiment also enabled us to explore the effect of the base color and frequency of
the chromatic flicker stimulus on the detection threshold expressed in log10 ∆(u′, v ′). The
results demonstrated that people are more sensitive to chromatic flicker at 4 Hz compared to
2 Hz and their sensitivity increases with color temperature. The latter implies that CIE 1976
UCS color space is not a useful model for temporal color perception. In order to develop an
accurate model, more data is required on the perception of temporally modulated colored
light.
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Modeling Contrast Sensitivity for Chromatic
Temporal Modulations

The temporal contrast sensitivity to isoluminant chromatic flicker was measured for three
observers using the method of adjustment. The isoluminant stimuli were created for each
observer individually, based on a technique similar to heterochromatic flicker photometry
(HFP). The chromatic flicker stimuli were sinusoidal modulations, defined in the CIE 1976
UCS (u′,v ′) chromaticity diagram. The chromaticity varied around a base color along a
certain modulation direction with a certain amplitude at a certain frequency. Nine base
colors, four modulation directions and seven frequencies were used, resulting in thirty-six
temporal contrast sensitivity curves per observer. An exponential model was fitted to the
resulting contrast sensitivity expressed as 1/∆(u′, v ′), 1/∆LMS and 1/∆l ms. The model
resulted in an average R2 value higher than 0.93 for the three different measures of contrast
sensitivity. The two parameters of the model (i.e. the slope β1 and intercept β0) were found
to significantly depend on the base color and direction of the chromatic modulation. This
means that ∆(u′, v ′), ∆LMS and ∆lms are not suitable measures to predict the sensitivity to
temporal chromatic modulations in different locations of the color space.

This chapter is copied with (slight) adaptations from The Twenty-sixth Color and Imaging Conference (CIC)
Final Program and Proceedings as: "Modelling Contrast Sensitivity for Chromatic Temporal Modulations",
Xiangzhen Kong, Mijael R. Bueno Pérez, Ingrid M.L.C. Vogels, Dragan Sekulovski and Ingrid Heynderickx [60].
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6.1. INTRODUCTION
The development of light emitting diodes (LEDs) technology has enabled inexpensive ways
to easily create dynamic colored light. However, current knowledge on human perception of
dynamic colored light is limited and still insufficient to provide guidelines for comfortable
and attractive implementations. Some studies aiming at understanding the perception
of dynamic light have concentrated on the perceived smoothness [121], the preference
[145], and the perceived subtlety [97] of temporal color transitions. The limited number of
studies show that existing spatial color spaces cannot be used to accurately predict these
phenomena and that a temporally uniform color space is needed. The sensitivity to temporal
modulations in luminance and chromaticity is a useful paradigm to collect data for building
such a model.

The sensitivity of the human visual system to temporal modulations is known to depend
on the modulation frequency. Above a certain critical fusion frequency (CFF), the modu-
lation cannot be perceived independent of its magnitude. Below the CFF, the relationship
between temporal frequency and sensitivity is called the Temporal Contrast Sensitivity
Function (TCSF). TCSFs have been extensively studied in the past mainly for two purposes.
First, in clinical vision science, for instance, to detect a variety of pathologies affecting the
visual system [13, 103]. Second, to understand the underlying mechanisms of human vision
[110, 141, 136, 64, 20, 93, 164, 49, 132].

In order to build a temporal color space a large amount of data has to be collected over
the entire color space. Therefore, an efficient way of sampling the color space is required.
As a first step, it would be beneficial to have a model describing the TCSFs with a small
number of parameters, so we can use less temporal frequencies to subsequently study the
TCSF in various locations of the color space. Researchers have found that the TCSF for
luminance modulations is generally a band-pass function [15]. For chromatic modulations
the TCSF is usually a low-pass function, where the sensitivity decreases with increasing
frequency [44, 16]. However, some studies have found a small decrease in sensitivity also at
low frequencies [81]. The TCSF has also been found to depend on the demographics (e.g.,
age) of the observers as well as stimulus features (e.g., stimulus size, retinal illuminance,
characteristics of the surrounding) [136, 159].

Several models for TCSFs have been proposed. For instance, Dobkins, Lia, and Teller
[16] used a double exponential function to fit the TCSFs for luminance and found that a
single exponential function was sufficient to describe the TCSF for chromaticity. Other
physiologically based models exist based on stimuli that activate only part of the visual
system (e.g., the red-green opponency channel) [20]. Due to technical limitations at the
time, most experiments on chromatic TCSFs have been carried out for limited color stimuli,
usually red-green chromatic flicker. In this study, we investigate if the relationship between
chromatic contrast sensitivity and temporal frequency can be described by the same expo-
nential function for a wide range of chromatic flicker stimuli. In particular, we vary the base
colors (i.e. the mean color of the chromatic modulation) and the modulation direction in
the 1976 UCS (u′,v ′) chromaticity diagram.

6.2. METHOD
In this study, the detection threshold of chromatic flicker was measured for 9 base colors, 4
directions of chromaticity change and 7 temporal frequencies, using a full-factorial within-
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subject design with 3 participants. Before the main experiment, a preparation experiment
was performed to determine the luminance ratios between two alternating colored stimuli
that minimizes the visibility of luminance flicker for a given participant using a method
similar to heterochromatic flicker photometry (HFP). The luminance ratios were determined
for the 36 color pairs used in the main experiment with a chromaticity difference of 0.05
∆(u′, v ′) at a flicker frequency of 25 Hz. The individual luminance ratios were used to make
the isoluminant chromatic flicker stimuli of the main experiment.

6.2.1. EXPERIMENTAL SETUP

A specially designed LED system, with 36 Cree XP-E LEDs arranged in a square panel (12
red, 8 green and 16 blue LEDs), was used. The system was calibrated with a spectrometer
and shown to be reliable and stable over time. The LEDs were driven by means of pulse
width modulation (PWM) at a driving frequency of 2 kHz and having 16-bit dimming. The
PWM signals were generated by an Arduino Due microcontroller, which was connected to a
lab computer. The drivers of the LEDs accepted RGB values, in the device dependent color
space of the LEDs. The target stimuli were defined in CIE 1976 UCS (u′,v ′) and transformed
via XYZ to the RGB values of the LEDs.

The LED panel was placed in a box (height: 1.5 m, depth: 0.8 m, width: 1.5 m) with
a circular opening of 26.4 cm in diameter (see Figure 6.1). Participants were seated at a
predefined position of 1.5 m from the front of the box, which resulted in a stimulus covering
a visual angle of 10-degrees. Since we are interested in using the data for realistic lighting
applications, a 10-degrees field was preferred over 2-degrees. Participants could only see the
stimuli from this circular opening. The inner surfaces of the box were smooth and colored
natural white. The LEDs were mounted in such a way that the visible light field was quite
uniform (i.e., the luminance deviated by a maximum of 3.3% at the stimuli luminance level
of 37.5 cd/m2, while the chromaticity deviated by a maximum ∆(u′, v ′) = 0.0013). The inner
edges of the box and the luminaries were not visible.

To avoid head movements of the participants, a chinrest was used. Additionally, a
standard keyboard was provided as an input device for the participants.

6.2.2. STIMULI

The stimuli consisted of light sinusoidally modulated in time. The chromaticity of the light
varied around a base color in a predefined direction specified in the CIE 1976 UCS (u′, v ′)
chromaticity diagram. Depending on the individual luminance ratios, the luminance of
the light varied at the same temporal frequency as the chromaticity to make the stimulus
isoluminant for each participant.

Nine base colors (BC1 to BC9) were selected (see Figure 6.2). The chromaticities of BC1,
BC2 and BC3 were close to the green, blue and red LED, respectively. BC4, BC5 and BC6 were
the middle points between BC1 and BC3, BC1 and BC2, BC2 and BC3 respectively, while
BC7 was located in the center of the gamut. During the experiment we discovered that it was
impossible to make the entire 10-degree visual field non-flickering for BC2 and BC3 at the
selected frequencies and amplitudes. Instead, the colors could be fused either for the center
of the field or at the outer edge, but not for the entire field at the same time. The possible
explanation is that for BC2 and BC3, the contribution of high-energy blue light was high
and the influence of macular pigment concentrated in the fovea might have contributed to
non-uniform flicker visibility over the 10-degrees field of view. Therefore, two other base
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Figure 6.1: (a) Overview of the lab environment (b) Front view of the stimulus (c) Top view of the participant
and stimulus.

colors (BC8 and BC9), which were less saturated versions of BC2 and BC3, were added. The
chromaticity coordinates of the base colors are shown in Table 6.1.

Four modulation directions were chosen, namely 0° (i.e. parallel to the direction of the
u′ axis), 45°, 90° (i.e. parallel to the v ′ axis) and 135° (as shown in Figure 6.2). The amplitude
of the modulation varied between 0.00004 ∆(u′, v ′) and 0.05 ∆(u′, v ′). The luminance ratio
of the two extreme colors of each sinusoidal modulation was based on the individual iso-
luminance, as determined by the preparation experiment. The average luminance of the
stimulus was 35 cd/m2. The temporal frequency of the light modulation was 2, 4, 8, 10, 15,
20 or 25 Hz. Table 6.1 shows the variables of the 252 (i.e., 9 base colors × 4 directions × 7
frequencies) conditions.

6.2.3. PARTICIPANTS

Three participants performed the experiment (AM, female, 25 years; MB, male, 27 years; XK,
male, 27 years). The participants received elaborate training and two of them had previous
experience with chromatic flicker experiments. All participants had normal color vision, as
measured with the Ishihara test for color deficiency and one of them was wearing glasses for
corrected visual acuity. None of them were susceptible to migraine and/or epileptic seizures.
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Figure 6.2: Nine base colors and four modulation directions (shown around BC5) in the CIE 1976 UCS (u′, v ′)
chromaticity diagram.

6.2.4. PROCEDURE

The experimental procedure was approved by the Daily Board of the Human-Technology
Interaction group, Eindhoven University of Technology for ethical considerations. The
main experiment was divided into different sessions on different days since it was too
fatiguing for the participant to measure all conditions at once. The task of the experiment
was explained both in text and orally by the experimenter. Before the start of the first session,
participants were asked to sign an informed consent form, in which they were informed
on their voluntary participation. Then an Ishihara color deficiency test was performed,
followed by the collection of demographic information.

In each session, participants were instructed to sit down in the chair at the predefined
position. They could adjust the chinrest and the height of the chair to a comfortable position
before the experiment started. The method of adjustment was used to find the detection
threshold of chromatic flicker. In Chapter 5, this method was shown to be both accurate
and efficient to measure chromatic flicker thresholds. In order to correct for a possible
error of anticipation, the adjustment was performed once with a relatively high starting
amplitude and once with a low starting amplitude. In addition, participants were trained to
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Table 6.1: The stimulus variables of the 252 conditions

BC u′ v ′ Modulation Direction Frequency
1 0.1273 0.5213

0°

45°

90°

135°

2 Hz
4 Hz
8 Hz

10 Hz
15 Hz
20 Hz
25 Hz

2 0.2251 0.1663
3 0.4509 0.4826
4 0.2891 0.5019
5 0.1762 0.3438
6 0.338 0.3245
7 0.2678 0.3901
8 0.2393 0.2409
9 0.3899 0.4517

use a consistent decision criterion to minimize the variance within participants [104].
Each trial started with a beep sound, indicating the participant could start with the

adjustment. The first stimulus of the trial had either a modulation amplitude of 0.05∆(u′, v ′),
for which flicker was clearly visible, or an amplitude of 0.0004 ∆(u′, v ′), which appeared
to be static. Participants were instructed to look at a fixation point in the center of the
circular opening of the apparatus and to find the smallest amplitude at which the flicker was
just visible, by increasing or decreasing the amplitude of the chromatic modulation. They
could use the up and down arrow keys of a keyboard to increase or decrease the modulation
amplitude with a large factor, while the left arrow and right arrow keys could be used to
change the modulation amplitude with a small factor. The modulation amplitude was
changed by a factor F :

F = An+1

An
= 1.1±α (6.1)

where An refers to the amplitude of the current stimulus, An+1 refers to the amplitude of
the next stimulus, and α equals 2 for the small factor, while α equals 5 for the large factor.
When participants reached the lowest or highest amplitude of the stimulus range, they
heard a warning signal indicating that they could not go lower or higher, respectively. When
participants were satisfied with the stimulus that represented their detection threshold, they
were instructed to look at the final stimulus for one or two seconds before deciding to really
end the adjustment procedure. After pressing the Enter key, the next trial was presented.

The first session was a training session, which aimed to get the participants familiar with
the method of adjustment and the experimental task. Participants were instructed to find a
useful strategy and to stick to that strategy during the rest of the experiment. Subsequently,
each base color was presented in a separate session, and the order of the base colors was
the same for all participants (from BC1 to BC9). At the beginning of a session, a static
adaptation stimulus with the chromaticity of the base color and a luminance of 37.5 cd/m2

was presented for two minutes. Next, the conditions were presented in a random order.
For each base color, there were 56 conditions (i.e., 7 frequencies × 4 directions × 2 starting
amplitudes). Each session took about 30 minutes, and the experiment took 4.5 hours in total
(without the preparation experiment and the training session).

After each session, participants were asked to write down some notes regarding their
experience with the experiment. During the experiment, the chromaticity values of all
stimuli that were shown were stored together with a time log. These data were used to look
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at the strategy of the participant and for further analyses.

6.3. ANALYSES AND RESULTS
The experiment resulted in 504 detection thresholds (i.e. 252 conditions × 2 starting ampli-
tudes) expressed in CIE 1976 UCS (u′, v ′) for each participant. The thresholds can be plotted
as a function of frequency for each base color, modulation direction and participant. Figure
6.3 shows an example of the data of participant MB at BC1 for the four modulation directions.
From Figure 6.3, we can see that the threshold increases as the frequency increases. There
also seems to be an effect of modulation direction, which is most visible at 25 Hz. Moreover,
the thresholds of the two starting amplitudes are quite consistent with each other.

These conclusions were confirmed by a linear mixed model analysis (LMM) with De-
tection Threshold as dependent variable and Base Color, Modulation Direction, Frequency
and Starting Amplitude as fixed independent variables and with a random intercept for
Participant. The analysis revealed a significant main effect of Base Color (F (8, 1509) = 36.854,
p < 0.001), Modulation Direction (F (3, 1509) = 126.435, p < 0.001), Frequency (F (6, 1509)
= 892.323, p <0.001) and Starting Amplitude (F (1, 1509) = 5.234, p = 0.022). A low starting
amplitude resulted in a slightly lower detection threshold compared to a high starting ampli-
tude (MD = 0.001, p = 0.022), which was also found in Chapter 5. The detection thresholds
were averaged over the two starting amplitudes for further analysis.

6.3.1. MODELING OF TCSFS
In order to model the TCSF for chromatic modulations, we expressed the data in terms of
contrast sensitivity (i.e. the reciprocal of the detection threshold expressed as chromatic
contrast). Three measures of contrast were used: ∆(u′, v ′), ∆LMS (using Equation 6.2) and
∆lms (using Equation 6.3).

∆LMS =
√

(∆L)2 + (∆M)2 + (∆S)2 (6.2)

∆lms =
√

(∆l )2 + (∆m)2 + (∆s)2 (6.3)

where ∆L,∆M , ∆S are the differences between the L-, M-, and S-cone responses of the
two extreme colors of the chromatic flicker stimulus at threshold modulation, which are
calculated using the cone fundamentals of Stockman and Sharpe [133], and ∆l , ∆m, ∆s are
the differences between the L-, M- and S-cone responses normalized with respect to the
sum of the cone responses.

For each contrast measure, the contrast sensitivity was plotted as a function of frequency,
resulting in 36 (i.e. 9 base colors × 4 directions) TCSFs per participant. These TCSFs were
fitted with:

S = 1

C
= eβ1 f +β0 (6.4)

where S is the contrast sensitivity, C the detection threshold and f the temporal frequency.
Equation 6.4 can be rewritten as:

lnS =β1 f +β0 (6.5)

with β1 being the slope and β0 the intercept of the function.
For all three contrast measures, the average goodness-of-fit expressed in R2 was higher

than 0.93 and they were all very similar to each other (i.e., the average R2 differed by a
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Figure 6.3: The chromatic flicker threshold in ∆(u′, v ′) as a function of modulation frequency for BC1for the
four modulation directions for participant MB. The two dashed lines show the thresholds for the two starting
amplitudes (SA) and the solid line represents their average.

maximum of 0.0002). For further analysis, we chose ∆LMS as our contrast measure. The
R2 averaged over all conditions was 0.86, 0.97 and 0.96 for participant AM, MB and XK,
respectively. As an example, Figure 6.4 shows the data and the fitted functions for all the
TCSFs of participant MB.

Figure 6.5 gives the slopes (β1 from Equation 6.5) and intercepts (β0 from Equation 6.5)
of the fits for the three participants. The figure shows that there are differences between
the participants in the absolute values of the slope and intercept of the TCSF, but also in
the effect of base colors and modulation direction, especially for the slope. In order to test
the overall effect of base color and modulation direction, two separate linear mixed model
(LMM) analyses were performed: (1) with Slope (β1) as the dependent variable and (2) with
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Figure 6.4: The contrast sensitivity as a function of frequency for all base colors (BC1 to BC9) and the four
directions (0′, 45′, 90′ and 135′) for participant MB. The straight lines represent the fitted functions according
to Equation 6.5.

Intercept (β0) as the dependent variable. In both analyses, Base Color and Modulation
Direction were the fixed independent variables. We also included the interaction term
between these two variables and a random intercept for Participant. The resulting p-values
were obtained from a Type III sum of squares. Post-hoc analyses with Bonferroni correction
were performed for the significant effects.

For the Slope, the LMM analysis showed a significant effect of Base Color (F (8, 105) =
16.375, p < 0.001). BC1 had the lowest slope, BC3, BC6 and BC9 had the highest slope and
the slopes of the other base colors were in between and not significantly different from each
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Figure 6.5: The slopes and intercepts of the fits of all conditions for the three participants.

other. There was also a significant interaction effect between Base Color and Modulation
Direction (F (24, 105) = 2.586, p < 0.001). However, no significant main effect was found for
Modulation Direction (F (3, 105) = 0.762, p = 0.518). The effect of Modulation Direction on
Slope was different for different base colors, for example, BC3 had the highest value of the
slope at Direction 0°, while BC2 had the highest value at Direction 90°.

For the Intercept, the effect of Base Color (F (8, 105) = 41.949, p < 0.001), Modulation
Direction (F (3, 105) = 179.595, p < 0.001) and the interaction between Base Color and
Modulation Direction (F (24, 105) = 3.249, p < 0.001) were significant. BC2 had the lowest
value of the intercept, which was significantly lower than all the other base colors, and BC1,
BC3 and BC4 had the highest intercept. We also found that the intercept was lowest for
Direction 90° and highest for Direction 0°. The intercept of the other two directions was in
between and not significantly different from each other. For all base colors, the trend of the
Intercept over the four modulation directions was the same. Direction 0° always had the
highest Intercept, followed by Direction 135°, Direction 45° and Direction 90°. However, the
difference was not significant for all base colors.

6.4. DISCUSSION
In this study, we measured the detection threshold of chromatic flicker and obtained TCSFs
for nine base colors and four modulation directions for three participants. Instead of ex-
ploring inter-observer differences or modeling an average observer, we aimed at measuring
and modeling individual observers. We found that the TCSF of all participants could be
described by the same exponential model, the parameters of which changed from person
to person. More research is needed to investigate if the model depends on demographic
factors, such as the age of the observer.

96



6.5. CONCLUSION

6

The contrast sensitivity was defined as the reciprocal of ∆LMS, i.e. the difference be-
tween the LMS cone responses of the two extreme colors of the chromatic flicker stimulus at
threshold modulation. The TCSFs were fitted with an exponential function (see Equation
6.4). The model fitted the data very well, with R2 values around 0.90. The two parameters
of the model (i.e. the slope β1 and intercept β0) were found to be dependent on the base
color and modulation direction. This means that the visibility of a chromatic temporal
modulation at a given frequency does not only depend on the ∆LMS of the two (extreme)
colors of the modulation, but also on the LMS values themselves. So, ∆LMS itself cannot be
used to accurately predict the visibility of temporal changes in light.

The results indicate that the chromatic TCSF is a low-pass function, which is in line with
other studies using isoluminant stimuli [45, 54]. Even though we did not directly measure
the CFF, we can conclude that it must be higher than 25 Hz, since participants still could
see flicker at some modulation amplitudes. The CFF probably depends on base color and
modulation direction, as can be seen in Figure 6.4.

In our experiment the average luminance of the chromatic flicker stimuli was fixed at
37.5 cd/m2. However, retinal illuminance has been found to influence the chromatic TCSF
[136, 159]. Therefore, it is important to explore the effect of luminance level in future work.

Since the contrast sensitivity for chromatic temporal modulations can accurately be
described by a simple exponential model for a wide range of color stimuli, it is not necessary
to use a large number of frequencies to determine the TCSF in a certain location of the
color space. Instead, only a few frequencies are enough, which would greatly reduce the
duration of the experiment. For future studies, we plan to measure the TCSF for more base
colors, modulation directions and average luminance values in order to ultimately develop
a representative temporal color model.

6.5. CONCLUSION
The contrast sensitivity for chromatic temporal modulations expressed in 1/∆LMS was
found to be a good indicator to describe the relationship with frequency. An exponential
model with two parameters (i.e. slope and intercept) described the TCSFs with very high
accuracy (with an average R2 higher than 0.93 for the three observers). The two parameters
of the model were found to significantly depend on the base color and direction of the
chromatic modulation.
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7
Modeling Sensitivity to Chromatic Tempo-
ral Modulations Using Individual Cone Fun-
damentals

Research has shown that spatial color models cannot accurately predict the perception
of temporally modulated colored light and may lead to unpleasant observations such as
jerkiness and flicker. Moreover, it is known that color perception differs between individ-
uals, while most models are based on a standard observer. In this chapter, we collected
data for the purpose of developing a temporal uniform color space taking into account
individual differences in cone spectral sensitivities. Two psychophysical experiments were
performed. In Experiment 1, we measured for fifteen participants the ratio in luminance
between the two extreme colors of 60 chromatic flicker modulations at which the perceived
flicker of that modulation was minimal. These so-called isoluminance ratios were used to
estimate individual cone spectral sensitivities based on an adapted version of the Individual
Colorimetric Observer (ICO) model of Asano, Fairchild, and Blondé [5]. The ICO model
described the perceived luminance better than the cone spectral sensitivities of the standard
observer. In Experiment 2, we measured the temporal contrast sensitivity at fifteen base
colors, four modulation directions and three temporal frequencies for three participants that
had substantially different isoluminance ratios. The results give a first impression on the size
of individual differences in sensitivity to chromatic temporal modulations. In addition, we
propose two quantitative measures, i.e., circularity and homogeneity, to describe the local
and global uniformity of color spaces respectively. In general, the DKL space is somewhat
more uniform than the LMS space and the ICO-based cone fundamentals improve the
temporal uniformity of the color spaces both locally and globally. However, contrary to our
expectations, the u′

10°v ′
10° color space has overall the best circularity and homogeneity. We

present a number of possible explanations and suggestions for further research to design a
(more) perceptually uniform temporal color space.

This chapter is submitted to Lighting Research & Technology with slight adaptations as: "Modeling sensitivity
to chromatic temporal modulations using individual cone fundamentals", Xiangzhen Kong, Ingrid Vogels,
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7.1. INTRODUCTION

7.1.1. BACKGROUND - THE NEED FOR A TEMPORALLY UNIFORM COLOR SPACE

Light emitting diodes (LEDs) have enabled easy and inexpensive ways to create dynamic
colored light. However, it is not straightforward to create pleasant and high-quality dynamic
light effects, as guidelines for temporal color differences and smooth color transitions are
still missing. As a result, dynamic light might result in unpleasant artifacts, such as jerkiness
and flicker.

The perception of spatial color differences is much better understood. Spatial color
vision is described in established color spaces. Since the development of the Munsell
color space in the early 20th century, several color spaces have been developed to describe
spatial color differences in a perceptually uniform way (e.g., CIE 1976 UCS and CIELAB). A
perceptually uniform spatial color space ensures that the perceived difference between two
spatially separated colors is proportional to the distance (usually Euclidian) between the
colors, irrespective of the location in the color space. The perceived difference between two
colors can then be expressed in a color difference metric, such as ∆E∗

ab in CIELAB, for an
average (or standard) observer.

Since spatial properties of a visual stimulus are processed in different areas of the visual
cortex than temporal properties [57], it is unlikely that ∆E∗

ab can accurately predict temporal
color differences as well. Several studies have shown that ∆E∗

ab is indeed not an accurate
measure to describe a temporal change in color. For example, Sekulovski et al. [121] reported
that the visibility threshold of smoothness, i.e., the maximum color difference between
two successive colors that is allowed in order to perceive a temporal color transition as
smooth, depended on the direction of the color change in CIELAB. More specifically, the
threshold was about ten times smaller for temporal changes in lightness than for chroma or
hue. In Chapter 3 and Chapter 4, we found that two color transitions with the same color
change per second in CIELAB (i.e., ∆E∗

ab/s) were not necessarily perceived as having the
same speed. The actual speeds in ∆E∗

ab/s of the color pairs tested had to differ by a factor
ranging between 0.56 and 1.49 in order to be perceived as equal.

These studies illustrate the urgency for a perceptually uniform temporal color space to
create appealing dynamic light effects. Such a temporal color space could be developed
based on data describing the human sensitivity to periodic temporal modulations in lumi-
nance and/or chromaticity, both depending on the modulation frequency [71]. To be more
specific, a perceptually uniform temporal color space should have the following properties.
First, for any given color point, the temporal modulation that is just visible (called detection
threshold) should be independent of the modulation direction in the color space. This
property describes the local uniformity of the color space and is referred to as circularity.
Second, for any given modulation direction, the detection threshold should be independent
of the color point. This property is referred to as homogeneity and describes the global
uniformity of the color space. Third, these requirements should hold at any temporal fre-
quency. The thresholds themselves may depend on frequency, but the effect of frequency
should be the same for all color points and modulation directions. This property is called
frequency-consistency. Besides these uniformity requirements, the perceptually uniform
temporal color space should take individual differences into consideration in order to be
useful for practical implementations. As such, people may have different sensitivities to

Dragan Sekulovski, and Ingrid Heynderickx.
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chromatic modulations, as long as the same color difference metric can be used to describe
the perception of these chromatic modulations. To the best of our knowledge, the circularity
and homogeneity of temporal color spaces have not been evaluated systematically. Among
the limited studies, Safdar et al. [112] proposed STRESS-based [29] metrics to quantify the
local and global uniformity for color discrimination ellipses. These metrics are vector based,
and start from fitting ellipses through visibility thresholds. Since this is less appropriate and
accurate for our application, we have used alternative metrics in our evaluation.

The relation between temporal frequency and sensitivity to temporal modulations is
well-known and described in literature by so-called temporal contrast sensitivity functions
(TCSFs). The TCSF for luminance modulations has been measured and modeled extensively
(e.g. [13, 159]. For chromatic modulations, Dobkins, Anderson, and Lia [15] and Chapter 6
showed that a single exponential function can be used to model the TCSF. Furthermore, in
Chapter 6, we found that the parameters of the function depended on the location in the
color space (both in CIE 1976 UCS (u′, v ′) and in the LMS cone excitation space), and the
parameters varied between the three individuals used in this study. In order to develop a
perceptually uniform temporal color space, it is important to understand the differences
between individuals. Therefore, in this study, we aim to measure the variability among
individuals and its effect on the uniformity of existing color spaces.

7.1.2. INDIVIDUAL DIFFERENCES

Properties of spatial vision are often described for a standard observer. This standard ob-
server is usually determined as a group average of empirical data and transformed into a
mathematical model. The concept of a standard observer has been used to describe various
properties of human vision, such as luminance (i.e., the standard photopic luminous ob-
server, characterized by the luminous efficiency function), chromaticity (i.e., the standard
colorimetric observer, characterized by Color Matching Functions, CMFs) and spatial con-
trast (i.e., the spatial standard observer, defined by Watson [149]). CMFs are widely used as
they can be linearly transformed from one set to another set of primaries, such as the L-,
M- and S-cone primaries [133]. The latter primaries refer to the cone spectral sensitivities
and are also sometimes referred to as cone fundamentals [133, 143]. It would be valuable
to define a standard temporal observer for describing perceived temporal contrast. This
standard observer could then be used to develop a temporal color space. It is, however,
important to realize that a standard observer is different from any real observer [69], since
individuals can differ in their perception of color [80].

Individual differences in visual perception can have several causes. From a physio-
logical point of view, individual differences in vision can be explained by differences in
pre-receptoral screening (i.e., related to the density of the lens and macular pigment), dif-
ferences in photopigment and cone ratios, and post-receptoral differences [94, 154]. In
addition, aging is an important factor causing physiological changes in the visual system
[92]. Most of the research on individual differences in vision has focused on understanding
perceptual processes from a more fundamental perspective, and hence try to explain where
individual differences originate from. Though very relevant and of great value in itself, it is
insufficient to understand how important these differences are in real applications.

Literature has shown that individual differences in the temporal contrast sensitivity
function can be substantial. For example, Dobkins, Lia, and Teller [16] and Dobkins, An-
derson, and Lia [15] compared the TCSFs between infants and adults, and inferred from
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that insights in the development of the human visual system. In addition, in Chapter 6, we
found significant differences in the TCSFs between individuals, not as much in the specific
function used to model the data, but rather in the values of the model parameters. This
suggests that it is important to investigate these individual differences in more detail and to
consider the consequences for designing temporal color transitions that are meant to be
pleasant for all observers.

7.1.3. ISOLUMINANCE
Luminance information and chromaticity information are processed in different channels
of the human visual system [73]. Hence, for measuring the sensitivity to chromatic temporal
contrast it is essential to only activate the chromatic channels by using isoluminant stimuli.
This can be done for an average observer using the standard photopic luminous efficiency
function V (λ). However, as mentioned above, this function does not represent the sensitivity
of an individual observer [52]. In other words, even though the physical luminance of a
temporal stimulus is constant over time, observers may perceive the luminance to change
due to individual deviations from the luminous efficiency function of the standard observer
[82].

According to CIE, luminance is defined as:

L = Km

∫
Le,λV (λ)dλ (7.1)

where L is the luminance in units of cd/m2; Km is the maximum luminous efficiency, which
is defined to be 683 lm/W ; Le,λ is the spectral radiance of the stimulus; and V (λ) is the CIE
photopic luminous efficiency function. The sensation luminance (SL) is almost identical to
Equation 7.1 except for the critical difference in capitalization, with v(λ) being the individual
luminous efficiency function:

SL = Km

∫
Le,λv(λ)dλ (7.2)

Given the importance of differences in v(λ), isoluminant stimuli have to be defined
per individual before measuring their chromatic TCSFs [93]. Several techniques have been
used to configure individual isoluminance, such as minimum motion technique, minimum-
border or minimally distinct-border method, (MDB), heterochromatic brightness matching
and heterochromatic flicker photometry (HFP). For reasons of practical convenience, re-
searchers often employ only one method. However, the results may differ largely between
different methods, as found by Wagner and Boynton [147] who compared four methods of
heterochromatic photometry. The detailed comparison of these methods is out of scope
of this study. Since heterochromatic flicker photometry is more recently considered as a
reliable and accurate method to measure a subject’s luminous efficiency function [72], we
employ this method to configure individual isoluminance in this study.

7.1.4. CONTRAST SENSITIVITY FOR CHROMATIC TEMPORAL MODULATIONS
Contrast sensitivity for chromatic temporal modulations has been studied in literature us-
ing different types of stimuli, among which spatiotemporal stimuli are the most common
(see [13]). For example, Dobkins, Anderson, and Lia [15] used spatiotemporal stimuli like
moving horizontally-oriented sinusoidal red/green gratings subtending a 15×15° visual
angle presented at different temporal frequencies, which corresponded to different speeds
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expressed in units of deg/s. Kelly and Norren [55] used a 1.8° uniform stimulus of which
the chromaticity was modulated in time by changing the relative phase of a red and green
sinusoidal waveform. In Chapter 6, we presented a 10° uniform field of which the chromatic-
ity was temporally modulated in different modulation directions by changing the relative
contribution of the red, green and blue primary.

The first step of modeling chromatic TCSF is to find a suitable measure to express the
sensitivity to chromatic temporal modulations, independent of the type of stimulus that
is used. Since chromaticity is a two-dimensional property, it is not straightforward to do
so. Luminance modulations are one-dimensional and can easily be expressed in terms of
modulation amplitude or Michelson Contrast [111]. The sensitivity to red-green chromatic
modulations has been expressed in terms of the luminance contrast of either the red or
green signal [55]. More physiology-based measures, as the contrast of the long-wavelength
sensitive (L-), medium-wavelength sensitive (M-), and short-wavelength sensitive (S-) cone
responses, have been employed as well [89]. The TCSFs for L-, M-, and S-cones have been
measured separately [47, 134], but due to post-receptoral and cortical processing, it is far
from intuitive to derive from them the resulting perception for any specific modulation.
As such, the physiologically based models mainly predict the perception of stimuli that
activate only one channel of the visual system, e.g., the red-green opponent channel [20]. In
the absence of a better alternative, we previously used the sum of squared L-, M-, and S-
cone response differences to describe the sensitivity to chromatic modulations in various
directions in Chapter 6.

The next step is to model the TCSF. It is by now well known that the TCSF for luminance
modulations under photopic vision is a band-pass function, where the peak sensitivity
and corresponding frequency depend on the adapting luminance [136]. For chromatic
modulations, the TCSF is typically a low-pass function where the sensitivity decreases with
increasing frequency [16, 44]. This function can be modeled as a single exponential function:

S = 1

C
= eβ1 f +β0 (7.3)

where S is the contrast sensitivity, C is the contrast, f is the temporal frequency, β0 is called
the intercept and β1 is called the slope. The function has proven its validity in literature [16,
60]. Despite of the simplicity of its form, it is important to emphasize that TCSF is not a
single invariant function, but that its parameters are dependent on many factors, such as
the spatial configuration of the stimulus, its background intensity, duration of the stimulus,
its eccentricity in the visual field, the use of eye movements, the psychophysical method
used to determine the thresholds and the observer [60, 151]. The observer dependency is
not surprising, but quantitative comparisons between individuals are lacking. In addition,
due to technical limitations in the past, most experiments on chromatic TCSFs have been
carried out for a limited set of color stimuli.

7.1.5. RESEARCH OBJECTIVES
The aim of this study is to collect more data on the sensitivity of individuals to chromatic
temporal modulations and to quantify the uniformity of existing color spaces. To do so,
we created light modulations around fifteen chromaticity points with four modulation di-
rections to cover a large part of the color space. First, we measured the ratio in luminance
between the two extreme colors of these chromatic flicker modulations at which the per-
ceived flicker of that modulation was minimal, referred to as isoluminance ratio. From these
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ratios we estimated the cone spectral sensitivities of fifteen participants and selected three
participants with (relatively) large differences. Then, we measured the temporal chromatic
sensitivity of these participants for the fifteen chromaticity points and four modulation
directions. Next, we evaluated the performance of existing color spaces (i.e., LMS and DKL)
in terms of local uniformity (i.e., circularity), global uniformity (i.e., homogeneity), and
frequency-consistency, and tested if these models improve when individual cone spectral
sensitivities are taken into account.

7.2. METHODS

Two experiments were carried out. In Experiment 1 we measured individual isoluminance
ratios for a limited set of chromatic modulations with fifteen participants. In Experiment
2 we measured for three participants the detection thresholds of a broad range of isolu-
minant chromatic flicker stimuli. Both experiments were approved by the Daily Board of
Human-Technology Interaction Group at Eindhoven University of Technology on ethical
considerations. In this section we describe the experimental setup and the general charac-
teristics of the stimuli and the procedure, as far as they were the same for both experiments.
Specific information for each experiment is described in sections 3 and 4, respectively.

7.2.1. APPARATUS

The experimental setup consisted of a customized LED lighting system mounted in a box.
The lighting system consisted of 36 Cree® XLamp® XP-E LEDs, including 12 Red LEDs
(dominant wavelength: 620-630 nm), 8 Green LEDs (dominant wavelength: 520-535 nm)
and 16 (Royal) Blue LEDs (dominant wavelength: 450-465 nm). The LEDs were driven by
means of Pulse Width Modulation (PWM) technology at a driving frequency of 2,000 Hz. The
PWM signals were generated by an Arduino Due microcontroller, for each channel with 16
bits. The lighting system was calibrated before the experiment with a spectrometer (JETI®

specbos 1201), and it received RGB values as input.

The lightbox (width: 1.5 m, depth: 0.8 m, height: 1.5 m) was placed in front of the
participants as shown in Figure 7.1(a). The inner surfaces of the box were painted with white
chalk paint to obtain matte diffuse reflecting surfaces. The box had a circular opening of
26.4-cm diameter (Figure 7.1(b)). The 36 LEDs were placed inside the box such that the
light reflected through the opening was quite uniform (i.e., the luminance in the circular
area deviated by a maximum of 3.3% around the average level of 37.5 cd/m2, while the
chromaticity deviated by a maximum of ∆(u′, v ′) = 0.0013).

Participants were seated in a chair and looked at the light reflected through the circular
opening. In front of them was a table with a keyboard, to enter their responses, and a chin
rest, which was adopted to limit head movements and to make sure that their eye level was
at the center of the circular opening (1.3 m above the floor). Participants were positioned
1.5 m from the front surface of the box, which resulted in a commonly used 10° visual field
(Figure 7.1(c)).

7.2.2. GENERATING THE STIMULI

The stimuli were defined in the chromaticity diagram which is similar to CIE 1976 UCS (u′,v ′)
chromaticity diagram, but the coordinates were computed with CIE 10-degree observers
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Figure 7.1: (a) Overview of the lab environment, (b) front view of the stimulus, and (c) top view of the observer
and stimulus. During the experiment, the ambient was dark and the light reflected from the circular opening
was the only light source.

instead of CIE 2-degree observers, using Equation 7.4.
u′

10° =
4X10°

X10° +15Y10° +3Z10°

v ′
10° =

9Y10°

X10° +15Y10° +3Z10°

(7.4)

where X10°, Y10°, and Z10° are the tristimulus values computed with the CIE 10-degree ob-
servers. They were transformed to RGB values to generate the input for the LEDs. The
chromaticity of the stimuli varied sinusoidally around a base color BC with chromaticity
coordinates (u′

10°, v ′
10°), in a predefined modulation direction θ, with a modulation ampli-

tude A expressed in ∆(u′, v ′), and a temporal frequency F (= 1/T , T is the period of the
sinusoidal amplitude modulation) (see Figure 7.2(a)). The amplitude A is defined as the
distance between the two extreme colors C1 and C2, which can be calculated using the
following equations: 

Ci (u′
10°) = u′

10°BC + (−1)i A

2
cosθ

Ci (v ′
10°) = v ′

10°BC + (−1)i A

2
sinθ

(i = 1,2) (7.5)

The chromaticity of the stimulus changed along one of four directions, as shown in Figure
7.2(b), namely 0° (i.e., parallel to the direction of the u′

10° axis), 45°, 90° (i.e., parallel to
the v ′

10° axis) and 135°. The luminance of the stimuli was not constant. In Experiment
1, the luminance ratio between the extreme colors C1 and C2 varied in order to measure
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Table 7.1: The chromaticity coordinates of the fifteen base colors in chromaticity diagram

BC u′
10° v ′

10° BC u′
10° v ′

10° BC u′
10° v ′

10°
1 0.1273 0.5213 6 0.2209 0.4338 11 0.2866 0.4164
2 0.1553 0.4512 7 0.2393 0.2409 12 0.3146 0.3463
3 0.1833 0.3811 8 0.2489 0.3637 13 0.3242 0.4691
4 0.1929 0.5039 9 0.2586 0.4865 14 0.3522 0.399
5 0.2113 0.311 10 0.2769 0.2936 15 0.3899 0.4517

isoluminance. In Experiment 2, the luminance of the stimulus was manipulated to be
isoluminant for each individual participant.

Figure 7.2: (a) Sinusoidal modulation between two extreme colors C1 and C2 around the base color BC, and for
a modulation amplitude A expressed in ∆(u′

10°, v ′
10°). (b) The four directions of chromatic modulation used

around a base color BC shown in the u′
10°v ′

10° chromaticity diagram.

Fifteen (BC1 to BC15) evenly distributed color points in chromaticity diagram were
chosen as base colors, as shown in Figure 7.3. The corresponding chromaticity coordinates
are given in Table 7.1.

The choice for these base colors was partly based on previous experiments. We showed
in Chapter 6 that participants couldn’t reliably perform the task of Experiment 1 for highly
saturated blue and red colors. Therefore, we limited ourselves to the less saturated base
colors BC7 and BC15 (which were also used in our previous experiments) that together with
the base color BC1 spanned the triangle of base colors used for the two experiments reported
in this chapter.

7.2.3. GENERAL PROCEDURE
The participants were recruited in Eindhoven University of Technology. They were not
allowed to participate if they had any medical history of epileptic seizures or migraine,
or if they were very sensitive to flickering lights. Before the start of each experiment, the
participants were asked to read and sign the informed consent form, in which they were
informed of their voluntary participation. We then administered the Ishihara test for color
deficiency, and asked the participants for their demographic information.

The task of each experiment was explained both in text and orally by the experimenter.
The observers were instructed to sit down in the chair at the predefined position. The chin
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10°v ′

10° chromaticity diagram. The number assigned to a given BC was in the
order of increasing u′

10°-coordinate in u′
10°v ′

10°.

rest and the height of the chair were adjusted such that the participant’s eyes were at the
same height as the center of the circular opening in the light box. We used the method
of adjustment for both experiments. A standard keyboard with United States layout was
provided as an input device for the observers. All the data (i.e.,u′

10°, v ′
10°, luminance, pressed

keys) were stored together with the time log. These data were used for further analyses.
Whenever necessary, the experimenter answered questions asked by the observers.

7.3. EXPERIMENT 1: ISOLUMINANCE

7.3.1. PARTICIPANTS

Fifteen people participated in this experiment. Five of them were female and ten were male;
their age varied between 21 and 27 years (M = 23.3, SD = 1.8). Five of the observers were
wearing contact lenses or glasses to correct their visual acuity. All participants had normal
color vision according to the Ishihara test.

7.3.2. STIMULI

All stimuli were sinusoidal chromatic modulations around one of the fifteen base colors
with a fixed amplitude A of ∆(u′

10°, v ′
10°) = 0.05 and a modulation frequency of 25 Hz, which

is a commonly used frequency for HFP (e.g. [123]). Four modulation directions were used
for each base color, resulting in 60 (i.e., 15 Base Color × 4 Modulation Direction) conditions
in total.
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7.3.3. PROCEDURE
The task of the participants was to find the luminance ratio LR between the two extreme
colors C1 and C2 of the modulation, at which flicker was perceived as minimal. They could
increase the ratio with small steps by pressing the Right-key and with large steps by pressing
the Up-key, and decrease the ratio with small steps using the Left-key and with large steps
using the Down-key. The luminance ratio was changed according to the following equation:

LRn+1

LRn
= 1.01±α (7.6)

where LRn refers to the current luminance ratio, LRn+1 to the luminance ratio of the next
stimulus, and α was 1 for the fine tuning (i.e., a change of about 1%) and 5 for the rough
tuning (i.e., a change of about 5%). The luminance ratio LR was defined as LC2/LC1, and
the average luminance of the stimulus was kept at a constant level of 37.5 cd/m2 during the
adjustment.

In order to reduce the error of anticipation, the initial value of LR was once 0.8195
(i.e., 1.01−20) and the other time 1.2202 (i.e., 1.0120). Both initial luminance ratios were
expected to induce noticeable flicker for all participants. Thus, all participants assessed all
60 conditions twice. To keep all stimuli within the gamut of the system, the luminance ratio
had to stay within the range between 0.8 and 1.5. Once the luminance ratio went beyond
this range, a warning sound was played, indicating that LR could no longer be decreased or
increased, respectively. When the participant was satisfied with the stimulus that appeared
to have minimal flicker, (s)he was instructed to look at the final stimulus for one or two
seconds before deciding to press the Enter-key to finish the trial. A beep sound was played
to indicate the start of a new trial.

We estimated from a pilot study that Experiment 1 would last at least 1.5 hours per
participant. The stimuli were divided into fifteen different blocks with a fixed base color, to
keep the chromatic adaptation point as constant as possible. Within a block, all 8 stimuli
(i.e., 4 Modulation Direction × 2 Initial Luminance Ratio) with the same base color were
randomized. Before the start of a new base color block, a two-minute period (see Figure
7.4(a)) was included for the participant to adapt to the new base color at a luminance level of
37.5 cd/m2. Two minutes were found to be sufficient for a 100% of steady-state adaptation
[22]. In addition, to minimize fatigue and eye-strain, we divided the blocks over two sessions
(as shown in Figure 7.4(b)). Each session consisted of multiple blocks of seven or eight base
colors with a proper break halfway. A 5-to-15-minute break was possible, depending on the
participant’s preference. The order of the fifteen base colors was counterbalanced between
participants using a Latin-square design.

7.3.4. RESULTS

ISOLUMINANCE RATIOS

In Experiment 1, 120 luminance ratios (i.e., 15 Base Color × 4 Modulation Direction × 2
Initial Luminance Ratio) were collected per participant. The data were analyzed with an
UNIANOVA analysis with Luminance Ratio as dependent variable, and Base Color, Modu-
lation Direction and Initial Luminance Ratio as fixed independent factors, including their
interaction terms. Participant was included as a random factor, and an intercept term was
added to the model as well. The analysis was performed using IBM Statistics for Windows
(Version 23).
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Figure 7.4: (a) Illustration of each base color block. Each adjustment trial started with a beep sound. VAR
stands for variable adjustment time. (b) The timeline for the two sessions.

We found that the main effect of Initial Luminance Ratio was significant (F (1, 1708) =
35.118, p < 0.001, partial η2 = 0.020). The mean luminance ratio (values around 1) was on
average 0.008 smaller when the trial started with a low initial luminance ratio compared
to a high initial luminance ratio. Other studies have also reported that the initial value of
the method of adjustment might affect the results [50]. We averaged the results of the two
initial luminance ratios to get the best estimation for the “true” luminance ratio at which the
two stimuli are perceived as isoluminant. The resulting 60 isoluminance ratios (i.e., 15 Base
Color × 4 Modulation Direction) averaged over all fifteen participants are shown in Figure
7.5.

The analysis also revealed a statistically significant main effect of Base Color (F (14, 1708)
= 7.925, p < 0.001, partial η2 = 0.061) and Modulation Direction (F (3, 1708) = 36.404, p < 0.001,
partial η2 = 0.060) and a significant interaction between Base Color and Modulation Direction
(F (42, 1708) = 13.305, p < 0.001, partial η2 = 0.247). This indicates that the luminance ratio to
minimize perceived flicker depends both on the position in the chromaticity diagram and on
the direction of the modulation. We also found a significant main effect of Participant (F (14,
1708) = 15.734, p < 0.001, partial η2 = 0.114), confirming the importance of individually
adjusting the luminance ratio to minimize perceived flicker. The maximum difference in
average luminance ratio between two participants was as large as 0.029.

ESTIMATING INDIVIDUAL CONE FUNDAMENTALS

The isoluminance ratios are not only useful to create isoluminant chromatic flicker stimuli,
but they can also be used to estimate the individual relative spectral sensitivities of L, M-
, and S-cones. For a standard observer, the L-, M- and S-cone fundamentals (hereafter
referred to as cone fundamentals) can be derived from the standard CMFs; for instance,
the 10° cone fundamentals are based on the Stiles & Burch 10° CMFs [133]. As shown
above, isoluminant ratios clearly differ between individuals, which indicates that the cone
fundamentals are also different from person to person. In order to estimate individual cone

109



7

MODELING SENSITIVITY TO CHROMATIC TEMPORAL MODULATIONS USING INDIVIDUAL

CONE FUNDAMENTALS

Figure 7.5: Plot of the isoluminance ratio per condition (i.e., Base Color × Modulation Direction) averaged over
all fifteen participants and the two initial luminance ratios. The symbols represent the mean isoluminance
ratio, and the error bars indicate the 95% confidence interval.

fundamentals, we used the individual colorimetric observer (ICO) model proposed by Asano,
Fairchild, and Blondé [5], which is an extension to CIE06PO [69]. This ICO model can be
expressed as follows:

lmsICO = f (a, v,dlens ,dmacul a ,dL ,dM ,dS , sL , sM , sS) (7.7)

where lmsICO is an abbreviation for the three cone fundamentals
[
l (λ),m(λ)and s(λ)

]
per

individual, and can be written as a function with 10 parameters. The parameter a represents
the age of the observer and v the visual angle (in degrees) of the stimulus. The age parameter
was included in the CIEPO06 model to account for the difference in the ocular media
between observers of different age groups, and does not necessarily correspond to the
age of the real Stiles & Burch observers [117]. The other 8 parameters represent individual
characteristics of the eye: dlens is the deviation (in percentage) from the average lens pigment
density; dmacul a is the deviation (in percentage) in macular pigment density; dL,dM ,and
dS are deviations (in percentage) from the average peak optical density of the L-, M- and
S-cone photopigments, respectively, and, sL , sM and sS are shifts (in nm) from the average
λmax of L-, M-, and S- cone photopigments, respectively.

Our goal is to estimate the values of the parameters of Equation 7.7 for each participant
from the isoluminance ratios measured in Experiment 1. These isoluminance ratios by
definition mean that the sensation luminance is equal for the two extreme colors C1 and
C2 of the corresponding chromatic modulation. Thus, for all the 60 isoluminance ratios,
SL1 equals SL2, where SLi is obtained from Equation 7.2. In this equation, v(λ) is usually
approximated by a linear combination of the L-cone

[
l (λ)

]
and M-cone

[
m(λ)

]
spectral

sensitivities: v(λ) = l (λ)+w ×m(λ) [133], where w is the relative weight between L- and
M-cone spectral sensitivities. Hence, Equation 7.2 can be rewritten as:

SLi = Km

∫
SPDCi (l (λ)+w ×m(λ))dλ{i = 1,2} (7.8)

where SPDCi refers to the spectral power distribution of Ci . This spectral power distribution
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can be obtained by transforming the u′
10°, v ′

10°, Y -values (i.e., luminance) of Ci into rgb-
values, using the calibration model of the lighting system. Then SPDCi is estimated by:

SPDCi = ri ×R(λ)+ gi ×G(λ)+bi ×B(λ){i = 1,2} (7.9)

where R(λ), G(λ) and B(λ) represent the spectra of the measured primaries of the system.
The cone fundamentals l (λ) and m(λ) in Equation 7.8 depend on the parameters of

Equation 7.7. The value of w in Equation 7.8 is uncertain [130]. Sharpe et al. [123] proposed
an average value of 1.55, but indicated that the value actually depends on the status of
chromatic adaptation, on the viewing conditions and on the individual. For example, the
value ranged between 0.56 to 17.75 among 40 observers [130]. Therefore, we treat w as an
additional parameter in the model, instead of a constant value. Moreover, to keep the weight
w comparable with literature, the cone spectral sensitivities

[
i.e., l (λ), m(λ) and s(λ)

]
were

all normalized to unity peaks, as in [133], rather than being normalized to equal area as in
[5].

To obtain the parameters of the model, we want to minimize the error function ε for
each participant, being:

ε=
n=60∑
i=1

∣∣∣ log

(
SL2

SL1

)∣∣∣ (7.10)

For each of the fifteen participants, the visual angle was set to 10 degrees (i.e., the
stimulus size in the experiment). Sarkar et al. [117] already pointed out that because of
random observer variability, the best predicted model was not always obtained using the
real age of the observer. In line with that observation, we treated the age parameter a as
a free parameter. Since L +M is widely accepted to represent the luminance channel, we
omitted the S-cone contribution to the luminance and we set the two related variables (i.e.,
dS and sS) to zero. Thus, the ICO model is rewritten as follows:

l msICO = f (a,10,dlens ,dmacul a ,dL ,dM ,0, sL , sM ,0, w) (7.11)

By combining Equations 7.8 to 7.11, the error function ε can be expressed in terms of
the variables of Equation 7.11. We adopted the MATLAB optimization toolbox (i.e., fmincon
solver) to estimate the seven parameters of Equation 7.11 for each of the fifteen participants.
In the ICO model, each physiological parameter was assumed to follow a normal distribution.
Thus, in the optimization procedure, each parameter was constrained to be within three
standard deviations (±3 SD) from the mean of the corresponding normal distribution. We
repeated the procedure 1000 times, each time with a different random starting vector, in
order to avoid the risk of finding a local minimum. The fit with the smallest value of ε was
taken as the best function to describe the individual cone fundamentals.

Since taking into account individuals’ deviations from the standard observer should
improve the prediction of their perception, we expect to find a lower minimum for the error
function ε when expressing isoluminance in terms of SLi using the estimated individual
cone fundamentals than when expressing isoluminance in terms of Li using the CIE 10°
standard cone fundamentals. Table 7.2 gives the error ε for the two different methods and the
relative difference between these methods per participant. As can be seen, taking individual
cone fundamentals into account results indeed in a better description of the individual
isoluminance ratios. For some participants the difference is negligible, but for others the
error is decreased by 50%.
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Table 7.2: The error ε, as given in Equation 7.10, calculated once using the CIE 10° standard observer cone
fundamentals (i.e., εC I E ), and once using the best-fitted ICO-model parameters for the individual cone funda-
mentals (εICO). The last column gives the difference between both methods in a percentage improvement,
calculated as 100 × (εC I E – εICO)/ εC I E .

Participant Number ε CIE standard 10° observer ε best-fit ICO Difference (%)
1 0.0113 0.0111 -1.58
2 0.0293 0.0178 -39.39
3 0.0195 0.0136 -30.46
4 0.0248 0.016 -35.63
5 0.0216 0.019 -11.81
6 0.0238 0.0205 -13.85
7 0.0235 0.0223 -5.22
8 0.0121 0.0112 -7.48
9 0.0194 0.0178 -8.29

10 0.0175 0.0173 -1.06
11 0.0283 0.0205 -27.73
12 0.0162 0.0129 -20.42
13 0.0336 0.0162 -51.88
14 0.0175 0.0136 -22.3
15 0.0267 0.0133 -50.18

Figure 7.6(a) presents the estimated individual cone fundamentals of the fifteen par-
ticipants, including the S-cone fundamentals. Although we didn’t use these S-cone funda-
mentals in our fit to the isoluminance ratios (i.e., dS and sS were set at 0), still the S-cone
fundamentals are slightly different because of age, dlens and dmacul a . Figure7.6(b) shows
the normalized individual luminous efficiency function v(λ), calculated by l(λ) + w × m(λ).
Since the procedure to estimate the individual cone fundamentals was based on the ratio in
sensation luminance between two colors (C1 and C2) instead of on absolute values, v(λ) is
shown in normalized terms. The value of w ranged between 0.23 and 2.5, which is in line
with the findings of Luria and Neri [82] and Sharpe et al. [123].

7.4. EXPERIMENT 2: SENSITIVITY TO CHROMATIC TEMPORAL MOD-
ULATIONS

7.4.1. PARTICIPANTS
Since the second experiment was intended to measure the visibility threshold for chromatic
flicker at multiple frequencies for the above-mentioned color base points and modulations
directions, it became very time consuming. Therefore, we limited ourselves to three of the
fifteen participants of Experiment 1. These participants were male with an age of 23, 23 and
24 years. One of the three had corrected vision and was wearing untinted contact lenses
during the experiment. The participants were selected based on their average isoluminance
ratio: Participant 1 had a medium isoluminance ratio (M = 1.0012, SD = 0.0215), while
Participant 2 had a relatively low average isoluminance ratio (M = 0.9870, SD = 0.0154) and
Participant 3 a relatively high isoluminance ratio (M = 1.0114, SD = 0.0353). Since these
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Figure 7.6: (a) The individual cone fundamentals [s(λ),m(λ), andl (λ)] of the fifteen observers based on the
minimization of the error function given in Equation 7.9, and (b) the individual luminous efficiency function
v(λ) of the fifteen observers using their individual l −m weight.

participants are a good representation of the variance in the isoluminance ratio measured
in Experiment 1, their results are expected to give insight into the impact of individual
differences in cone fundamentals on the sensitivity to chromatic modulations.

7.4.2. STIMULI
According to the results of Chapter 6, two frequencies should be sufficient to describe a TCSF.
However, we decided to measure the contrast sensitivity for three frequencies (i.e., 2 Hz, 8
Hz and 20 Hz) in order to be able to check the exponential behavior again. The isoluminance
ratios per participant obtained in Experiment 1 were used to ensure that each stimulus was
isoluminant. However, these ratios were measured at just one amplitude of the modulation,
while we needed them at more amplitudes to measure the visibility threshold for chromatic
flicker. In a pilot study, where three amplitudes were used for the isoluminance experiment
(i.e., ∆(u′

10°, v ′
10°) = 0.01, 0.03 and 0.05), a linear relation was found between the amplitude

of the chromatic modulation and the logarithm of the corresponding isoluminance ratio.
Therefore, the following equation was used to determine the individual luminance ratio per
amplitude:

LR = LR
A

Ai so
i so (7.12)

where A is the amplitude of the chromatic modulation that we need for Experiment 2,
Ai so=0.05 (i.e., the amplitude that was used in Experiment 1), LRi so is the isoluminance ratio
measured in Experiment 1, and LR is the corresponding amplitude-corrected isoluminance
ratio needed in this second experiment. In total, the visibility threshold for chromatic
flicker was measured for 180 conditions (i.e., 15 Base Color × 4 Modulation Direction × 3
Frequency).

7.4.3. PROCEDURE
The task of the participant was to find the amplitude A at which flicker was just visible. They
could increase the amplitude with large steps by pressing the Up-key and with small steps by
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pressing the Right-key, and decrease the amplitude with large steps using the Down-key and
with small steps using the Left-key. The amplitude was changed according to the following
equation:

An+1

An
= 1.05±α (7.13)

where An refers to the current modulation amplitude, An+1 to the modulation amplitude of
the next stimulus, and α equaled 1 for the fine tuning (i.e., a change of about 5%) and 5 for
the rough tuning (i.e., a change of about 27%). When the amplitude reached the system’s
lower boundary (i.e., ∆(u′

10°, v ′
10°) = 0.00004) or higher boundary (i.e., ∆(u′

10°, v ′
10°) = 0.05), a

warning sound was played to indicate that the amplitude could not be further decreased or
increased, respectively. When the participant reached the stimulus that appeared to have
just visible flicker, s(he) was instructed to look at the final stimulus for one or two seconds
before deciding to press the Enter-key to finish the trial. A beep sound was played to indicate
the start of a new trial. To correct for a possible error of anticipation, all 180 conditions
were presented twice: starting either at a modulation amplitude of ∆(u′

10°, v ′
10°) = 0.0004 (i.e.,

invisible flicker) or at a modulation amplitude of ∆(u′
10°, v ′

10°) = 0.05 (i.e., noticeable flicker).
As such, the experiment consisted of 360 trials in total.

The stimuli were divided into fifteen different blocks with each block having a fixed base
color, to keep the chromatic adaptation point as constant as possible. Within a block, all
24 trials (i.e., 4 Modulation Direction × 3 Frequency × 2 Initial Amplitude) with the same
base color were randomized. Before the start of a new base color block, a two-minute period
was included for the participants to adapt to the new base color at a luminance level of 37.5
cd/m2. We presented at most two base color blocks in a session. Between two sessions, a
minimum break of thirty minutes was mandatory to minimize fatigue and eye-strain of the
participant. The sessions were distributed over different days. The fifteen base colors were
assessed in a fixed order (i.e., BC1,BC2, . . . ,BC15). In total, the experiment lasted about four
hours per participant.

7.4.4. RESULTS

DETECTION THRESHOLDS IN u′
10°u

′
10° CHROMATICITY DIAGRAM

The experiment resulted in 360 values (i.e., 15 Base Color × 4 Modulation Direction × 3
Frequency × 2 Initial Amplitude) of the detection threshold expressed in ∆(u′

10°u
′
10°) per

participant. First, the thresholds of the two initial amplitudes were averaged, and that result
is plotted in the u′

10°u
′
10° chromaticity diagram in Figure 7.7, with a graph per frequency.

Within such a graph, the thresholds per modulation direction with the same base color are
connected to form a polygon per participant. Hence, Figure 7.7 shows three polygons around
each base color, one per participant. We fitted ellipsoids through the eight points of each
polygon, but this yielded inaccurate results for some conditions. To make the thresholds
better visible, the polygons in Figure 7.7 have a zoom factor of 6, 5 and 1.2 at 2 Hz, 8 Hz and
20 Hz respectively.

Figure 7.7 shows that detection thresholds expressed in u′
10°u

′
10° chromaticity diagram

depend on (1) Base Color, since the size of the polygons is not identical everywhere in the
color space, (2) Modulation Direction, as the polygons are not octagon-shaped, (3) Frequency,
since the size of the polygons differs between the three graphs, and (4) Participant, as the
polygons seldomly overlap for the same frequency and base color. To confirm the above
observations, an UNIANOVA analysis was performed with Detection Threshold (expressed in
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Figure 7.7: Polygons, indicating the visibility threshold for chromatic flicker per modulation direction, for the
fifteen base colors and for the three participants at different temporal frequencies: (a) Frequency = 2 Hz; (b)
Frequency = 8 Hz; (c) Frequency = 20 Hz. For the purpose of better visual presentation, the polygons have a
zoom factor of 6, 5, 1.2 for the three frequencies respectively. The values of these zoom factors are manually
tuned.
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u′
10°u

′
10°) as the dependent variable, Base Color, Modulation Direction and Frequency as the

fixed independent variables and Participant as a random variable. The 2-way interaction
effects of the fixed independent variables were included as well. The analysis indeed revealed
significant effects of Base Color (F (14, 442) = 6.1, p < 0.001, partial η2 = 0.16), Modulation
Direction (F (3, 442) = 40.4, p < 0.001, partial η2 = 0.22), Frequency (F (2, 442) = 938.4, p <
0.001, partial η2 = 0.81) and Participant (F (2, 442) = 61.6, p < 0.001, partial η2 = 0.22) on the
detection thresholds. Besides, the interaction between Base Color and Modulation Direction
was not significant (F (42, 442) = 1.3, p = 0.1, partial η2 = 0.11). While the interactions
between Modulation Direction and Frequency (F (6, 442) = 8.6, p < 0.001, partial η2 = 0.10),
Base Color and Frequency (F (28, 442) = 6.2, p < 0.001, partial η2 = 0.28) were significant.
These findings indicate that the u′

10°u
′
10° color space is not locally uniform, because of the

effect of modulation direction, and also not globally uniform, because of the effect of base
color. In addition, the shape of the polygons depends on frequency, indicating the need for
a frequency-dependent model.

DETECTION THRESHOLDS IN LMS AND DKL

The u′
10°u

′
10° color space was chosen to define our stimuli. It was designed to be a more

spatial uniform color space compared to CIE 1931 chromaticity diagram and temporal
uniformity was not considered. We further analyzed the data in the physiologically based
space (i.e., LMS cone excitation space). In Chapter 3 and Chapter 4, it was shown that also
DKL space [12] might be a good option for improving the temporal uniformity. Therefore,
our data are analyzed in DKL as well.

In Section 7.3.4 we showed that the isoluminance ratios of the individual participants
can be described better by using the (estimated) cone fundamentals of the individual instead
of those of the standard observer. We expect that the individual cone fundamentals can also
be used to minimize or even eliminate the variation in the sensitivity to chromatic temporal
modulations between individuals. Therefore, we transformed the ∆(u′

10°, v ′
10°) values of the

threshold into a contrast measure in LMS and DKL, once based on the standard observer
using Stockman-Sharpe (SS) cone fundamentals and once based on the cone fundamentals
optimized for individual colorimetric observers (ICO).

Given a detection threshold expressed in ∆(u′
10°, v ′

10°), the two extreme colors C1 and C2

can be determined using Equation 7.5. Next, the spectral power distribution of C1 and C2

can be obtained by transforming the u′
10°, v ′

10°, Y -values (i.e., luminance) into r g b-values,
using the calibration model of the lighting system, and then using Equation 7.9. Then,
LMSCi ICO (i = 1, 2) and LMSCi SS (i = 1, 2) can be calculated as follows:


LMSCi ICO =

∫
SPDCi (λ) × lmsICOdλ

LMSCi SS =
∫

SPDCi (λ) × lmsSSdλ

(7.14)

where lmsICO and lmsSS are the cone fundamentals (i.e., with a dimension of n-by-3,
where n is 79—from 390 nm to 780 nm with a 5-nm resolution) and SPDCi (i =1,2) represent
the spectral power distribution (i.e., with a dimension of 1-by-n, where n is 79) of the two
extreme colors.
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(7.15)

where ∆ refers to the difference in the corresponding cone spectral sensitivities between
the two extreme colors of the modulation, and w is the relative weight between L- and
M-cone spectral sensitivities, and its value is identical as in Equation 7.8 and Equation
7.11. LSS−BC , MSS−BC , and SSS−BC represent the L-, M-, and S-cone excitation induced by
the base color calculated using the SS cone fundamentals, while L ICO−BC , MICO−BC , and
S ICO−BC represent the L-, M-, and S-cone excitation induced by the base color calculated
using the ICO cone fundamentals.

CIRCULARITY – LOCAL UNIFORMITY

As described above, STRESS-based metrics were proposed [112] to quantify (a) the local
uniformity of the color space by taking the ratios of the major and minor semi-axis of the
color discrimination ellipses as input, and (b) the global uniformity by taking the areas
of the ellipses as input. Those two metrics rely on fitting ellipses, thus, the accuracy is
largely dependent on the goodness-of-fit of the ellipse-fitting algorithm. In our study, we
fitted ellipsoids through the eight points of each polygon, but this yielded inaccurate results
for some conditions. So, we propose a more general way of computing circularity and
homogeneity by eliminating the limitation of fitting ellipses.

Circularity is the degree in which the detection threshold depends on the direction of the
modulation in the color space. The deviation from circularity (dC I R) for a give participant
(pp) and temporal frequency ( f ) is calculated as:

dC I Rpp, f =

nb∑
b=1

nd∑
d=1

|Cb,d−�(Cb )d�(Cb )d
|

nd ×nb
(7.16)

where Cb,d is the contrast measure of a certain modulation direction d around base color
b; �(Cb)d is the median of the contrast measures of the four modulation directions around
a certain base color b; nb and nd represent the number of base colors (i.e., 15) and the
number of modulation directions (i.e., 4), respectively. The value of dC I R ranges between
zero and infinity. When dC I R equals zero, the detection thresholds are independent of
modulation direction at all base color points, which means that the color space is perfectly
locally uniform. A higher dC I R value indicates a lower degree of circularity. We calculated
dC I R for each of the four contrast measures defined in Equation 7.15 and for the detection
thresholds calculated as ∆(u′

10°, v ′
10°). The results are shown in Figure 7.8.
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Figure 7.8: Circularity of the four contrast measures and of ∆(u′
10°, v ′

10°) as a function of temporal frequency for
each participant.

Figure 7.8 shows that the circularity changes with frequency; for two of the three partic-
ipants (i.e., Participant 2 and 3) the circularity peaks at the highest frequency (i.e., dC I R
value is the lowest). When comparing the two color spaces, it’s hard to draw a consistent
conclusion about whether the circularity is higher for the DKL-based color space or for the
LMS-based color space, because it depends heavily on participant. In general, the use of
individual cone fundamentals instead of standard cone fundamentals slightly improves
the circularity. In contrast to our expectations, the physiologically based color spaces have
worse local uniformity than the u′

10°v ′
10° color space. Thus, from this perspective, it seems

to make no sense to look into cone fundamentals to describe a temporally uniform color
space. However, we should not forget that the sinusoidal modulations used in the subjective
experiment were designed in the u′

10°v ′
10° color space, which might explain the better results.

HOMOGENEITY – GLOBAL UNIFORMITY

Homogeneity is the degree in which the detection threshold depends on the location in the
color space. The deviation from homogeneity (d H) for a give participant (pp) and temporal
frequency ( f ) was calculated as:

d Hpp, f =

nd∑
d=1

nb∑
b=1

∣∣∣Cd ,b−�(Cd )b�(Cd )b

∣∣∣
nb ×nd

(7.17)

where Cd ,b is the contrast measure of a certain modulation direction d around base color b;�(Cd )b is the median of the contrast measures at fifteen base colors along a certain modulation
direction d ; nb and nd represents the number of base colors (i.e., 15) and the number of
modulation directions (i.e., 4), respectively. Similar to deviation from circularity (dC I R),
the value of d H ranges between zero and infinity. When d H equals zero, the detection
thresholds are independent of base colors along all modulation directions, which means
that the color space is perfectly globally uniform. A higher d H value indicates a lower degree
of homogeneity. Also here we calculated the homogeneity d H for all four contrast measures
defined in Equation 7.15 and for the detection thresholds calculated as ∆(u′

10°, v ′
10°), the

results of which are shown in Figure 7.9.
As can be seen in Figure 7.9, frequency has a different effect on homogeneity for the three

participants, and the homogeneity shows a different trend for the LMS-based color space
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Figure 7.9: The homogeneity of the four contrast measures and of ∆(u′
10°, v ′

10°) as a function of temporal
frequency for each participant.

than for the DKL-based color space. For participant 1, homogeneity improves with frequency
in the DKL-based color space; homogeneity is the lowest at the hightest frequency and
higher at the low and intermediate frequency in the LMS-based color space. For paricipant 2
homogeneity decreases with frequency in the LMS-based color sapce, and is slightly better at
the intermediate frequency than at the highest frequency in the DKL-based color space. For
participant 3 homogeneity is consistently better in the DKL-based color space than in the
LMS-based color space. In general, the DKL-based color space shows better homogeneity
than the LMS-based color space at higher temporal frequencies. The influence of using
individual cone fundamentals is smaller in the DKL-based color space than in the LMS-
based color space. Although the homogeneity at the highest temporal frequency is highest
when using ICO cone fundamentals in DKL space for both Participants 2 and 3, in general
similar or better results in terms of homogeneity are obtained in the u′

10°v ′
10° color space.

So, again in contrast to our expectations, also for the global uniformity of the temporal
color space the use of cone fundamentals seems to have no added value with respect to the
u′

10°v ′
10° color space.

When combining Figure 7.8 and Figure 7.9, it seems that using a DKL-based contrast
measure gives the best results in terms of both ci r cul ar i t y and homog enei t y among the
four contrast measures in Equation 7.15. However, this measure in general yields worse
results than simply using the u′

10°v ′
10° color space. Still, none of these measures show a

consistent trend of the flicker detection threshold with frequency for all three participants.

FREQUENCY-CONSISTENCY

As shown above, the thresholds strongly depend on frequency. In Chapter 6, we showed that
the relation between frequency and contrast sensitivity (S) could be described by a single
exponential function for all tested combinations of base color and modulation direction.
Such a single exponential function can be written as:

lnS =β1 f +β0 (7.18)

with β1 being the slope and β0 the intercept of the function. The question is how these
parameters change with base color and modulation direction and how much they vary
between individuals. Therefore, we fitted Equation 7.18 to the data of each participant for
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each combination of base color and modulation direction separately, for all the four contrast
measures computed by Equation 7.15. The sensitivity S is the reciprocal of the contrast
measure, as shown in Equation 7.3. The average R2-values using four contrast measures
were all higher than 0.91. Here we take SS-LMS contrast as an example. The values of the
slopes and intercepts for all conditions and all three participants are presented in Figure
7.10. This figure can be compared to Figure 6.5 in Chapter 6, where the authors give a similar
graph, but then for sensitivities calculated in the u′

10°v ′
10° color space.

Figure 7.10: (a) Intercepts of the TCSFs of the three participants for all conditions, and, (b) Slopes of the TCSFs
of the three participants for all conditions. In both graphs, the intercepts and slopes were computed using
SS-LMS.

The R2-values of the fits (i.e., a linear fit with three frequencies) were on average 0.94
(SD = 0.11) for Participant 1, 0.86 (SD = 0.21) for Participant 2, and 0.93 (SD = 0.09) for
Participant 3. This again shows that the effect of frequency on temporal contrast sensitivity
can be modeled by a single function with variable parameters. From all the 180 fits (i.e., 3
Participant × 15 Base Color × 4 Modulation Direction), only 11 fits had an R2-value smaller
than 0.6, which usually indicates a poor fit. Eight of these 11 poor fits could be attributed
to base colors BC10 to BC15 measured with Participant 2. For those fits with a low R2, the
measured contrast sensitivity at the middle frequency (i.e., 8 Hz) was higher than the contrast
sensitivity measured at the low frequency (i.e., 2 Hz). Since only a low percentage of fits (i.e.,
6%) resulted in a low R2-value, we did not exclude these fits from further analyses.

Figure 7.10 illustrates that some general trends may be observed in the values of the slope
and intercept for the three participants, but there are also obvious individual differences.
Since the focus of this chapter is not on quantifying how the slope and intercept vary over
the color space, we do not report statistical analyses, like in Chapter 6. In the next section
we look further into the differences between participants.

INDIVIDUAL DIFFERENCES

Clearly people differ in the effect of base color, modulation direction and frequency on
the temporal contrast thresholds. However, keep in mind that the degree of individual
differences does not say anything about the (local and global) uniformity of the color space.
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On the other hand, we do expect individual differences to be smaller when we take into
account individually adapted cone spectral sensitivities. In addition, the variability over
participants may be different for different color spaces, hence in our analysis we include
both the LMS-based and DKL-based color spaces.

The overall difference between individuals can be quantified as follows:

∆I D =

n f∑
f =1

nd∑
d=1

nb∑
b=1

np∑
p=1

∣∣∣∣C f ,d ,b,p− ã(C f ,d ,b )pã(C f ,d ,b )p

∣∣∣∣
np ×nb ×nd ×n f

(7.19)

where C f ,d ,b,p is the contrast measure for a certain modulation direction d around base

color b of participant p at temporal frequency f ; ã(C f ,d ,b)p is the median of the contrast
measures of the three participants for a certain modulation direction d around base color b
at temporal frequency f ; np , nb , nd and n f represent the number of participants (i.e., 3),
the number of base colors (i.e., 15), the number of modulation directions (i.e., 4), and the
number of temporal frequencies (i.e., 3), respectively. The value of ∆I D ranges between zero
and infinity and the value of zero means that all three participants are identical. A larger
value of ∆I D indicates larger differences between these individuals.

Since there were only three participants in Experiment 2, ã(C f ,d ,b)p is identical to one of
the participants’ contrast measure at the corresponding base color, modulation direction
and temporal frequency. To further investigate the individual differences between any two
participants—where the median is the mean of two data points—Equation 7.19 can be
adapted as follows:

∆I D(pi ,p j ) =

n f∑
f =1

nd∑
d=1

nb∑
b=1

∣∣∣∣C f ,d ,b,pi
−C f ,d ,b,p j

C f ,d ,b,pi
+C f ,d ,b,p j

∣∣∣∣
nb ×nd ×n f

(7.20)

where ∆I D(pi ,p j ) represents the difference between participant pi and p j (i =1,2,3; j =1,2,3);
C f ,d ,b,pi and C f ,d ,b,p j represent the contrast measure of participant pi and p j , respectively,
at temporal frequency f for modulation direction d around base color b; nb , nd , and n f

represent the number of base colors (i.e., 15), the number of modulation directions (i.e., 4),
and the number of temporal frequencies (i.e., 3), respectively.

Figure 7.11 shows the calculation of the sum of the individual differences as given
by Equation 7.19, as well as the differences for each combination of two participants, as
calculated with Equation 7.20. It illustrates that participant 1 and participant 2 are most
different, while participant 2 and participant 3 are most similar.

Overall individual differences are smallest when using C ICO−LMS as the contrast measure,
although these differences are only slightly higher when using ∆(u′

10°BC , v ′
10°BC ). For both

color spaces, using individual cone fundamentals resulted in smaller individual differences
than using standard observer cone fundamentals, as we would expect.

7.5. DISCUSSION
In this study, we performed two psychophysical experiments to measure the detection
thresholds of isoluminant chromatic flicker. In Experiment 1, individual isoluminance ratios
were measured for fifteen participants separately, using a technique similar to HFP. In Exper-
iment 2, the detection thresholds of isoluminant chromatic flicker were measured at fifteen
base colors, four modulation directions and three temporal frequencies. The isoluminance
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Figure 7.11: Overview of individual differences calculated with different contrast measures for all participants
together (black curve) as well as for each combination of two participants (red, green and blue curve).

ratios were used to model individual cone fundamentals based on the ICO model, and we
showed that these individual cone fundamentals better predict the isoluminance ratios
than standard observer cone fundementals. The chromatic flicker detection thresholds
were used to explore three aspects: 1) circularity, which describes the local uniformity of
a color space; 2) homogeneity, which describes the global uniformity of a color space; and
3) frequency-consistency, which describes the relation between detection thresholds and
temporal frequency. Furthermore, circularity and homogeneity were systematically evalu-
ated in commonly used cone-excitation color spaces, such as LMS and DKL. Besides the
specific choice of contrast measures used in this chapter (i.e., as listed in Equation 7.15),
further variations can be thought of and are worth exploring in future research.

7.5.1. ESTIMATING INDIVIDUAL CONE FUNDAMENTALS

The isoluminance experiment was performed for two reasons. First, to be able to measure
TCSFs for isoluminant chromatic flicker stimuli. Second, to estimate individual cone fun-
damentals. Luminance is defined for an average observer, thus it is different for each real
observer. At medium-high temporal frequencies, human observers are more sensitive to
luminance flicker than chromatic flicker [16]. Thus, for measuring the detection thresholds
of chromatic flicker at higher temporal frequencies, luminance flicker should be eliminated,
which implies that the stimuli have to be configured for each participant experimentally.
Using HFP to configure isoluminant stimuli has been a common practice to achieve this
goal.

HPF is considered as a reliable and accurate method to measure a subject’s luminous ef-
ficiency function [72]. Thus, we employed this method to configure individual isoluminance
in this study. A modulation frequency of 25 Hz was used, as it is a commonly used frequency
for HFP (e.g. [123]), at which human observers are quite sensitive to luminance flicker. A
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fixed amplitude A of ∆(u′
10°, v ′

10°) = 0.05 was adopted because it often gives a very visible
chromatic flicker, and at the same time all stimuli remained within the lighting system’s
gamut. In a pilot study, three amplitudes were used for the isoluminance experiment (i.e.,
∆(u′

10°, v ′
10°) = 0.01, 0.03 and 0.05), and a linear relation was found between the isoluminance

ratio and the amplitude of the chromatic modulation. Thus, the isoluminance ratios can be
calculated with Equation 7.12 to generate isoluminant chromatic flicker stimuli for other
amplitudes. Although this method minimizes luminance flicker, we cannot exclude that
some residual luminance flicker may still have been perceived by the participants.

To estimate the individual cone fudamentals, we used the ICO model, which was ex-
tended based on CIEPO06. The ICO model allowed more freedom in the variations of cone
fundamentals. We added an additional parameter w , which is the relative weight between
L- and M-cone spectral sensitivities when adopting the ICO model. This weight may vary
largely; for example, Stockman and Brainard [130] reported values between 0.56 and 17.75.
Among our fifteen participants the parameter w varied between 0.23 and 2.5. In the op-
timization procedure for deriving individual cone fundamentals using the isoluminance
ratios, we assumed that the S-cone did not contribute to the luminance channel, which is
a widely accepted assumption. As a result, individual sensitivites of S-cones could not be
derived. However, we cannot exclude that also the S-cones contributed to the luminance
channel. For example, it is known that S-cones make a small, but robust contribution to
luminance under conditions of intense long-wavelength adaptation [109]. Unfortunatley,
since adaptation could not always be fully assured in our experiment, we cannot estimate
whether we had any S-cone contribution to luminance.

Thus, there are some limitations in using isoluminance ratios collected with HFP to esti-
mate individual cone fundamentals. Other efforts to estimate individual cone fundamentals
exist; for example, Andersen, Finlayson, and Connah [4] proposed to estimate individual
cone fundamentals from their color matching functions. We did, however, not choose for
this approach, since measuring individual color matching functions is considerably more
tedious and time-consuming than using HFP. In a recent paper Lee et al. [74], the authors
adopted luminance-based data to estimate individual color matches. In contrast to these
approaches mentioned in the literature, our approach is more practical, and still results in
a better-than-average estimation of the individual cone fundamentals. In addition, these
individual cone fundamentals proved to be good at describing our luminance data. As our
results showed, the ICO-based model was a better description of individual isoluminance
ratios than the standard cone fundamentals. For a few participants the difference was
negligible, but for others the error decreased by 50%.

7.5.2. QUANTITATIVE EVALUATION OF TEMPORAL COLOR SPACES IN TERMS

OF LOCAL AND GLOBAL UNIFORMITY

Three participants who had a low, medium, and high average isoluminance ratio among
the fifteen participants respectively continued with the experiment of collecting detection
thresholds of chromatic flicker at fifteen base colors, four modulation directions and three
temporal frequencies. The detection thresholds were expressed in different color spaces, i.e.,
u′

10°v ′
10° chromaticity diagram, the LMS-based color space, and the DKL-based color space.

Furthermore, since individual cone fundamentals were estimated, the uniformity of the
LMS and DKL color spaces was compared using Stockman-Sharpe (SS) cone fundamentals
versus ICO-based fundamentals.
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Circularity and homogeneity were the measures used to describe the local and global
uniformity of a color space respectively. To define these measures, the first step is to select
an appropriate contrast measure for the detection threshold. We evaluated four different
measures, namely two in the LMS-based color space and two in the DKL-based color
space. Since the stimuli were defined in the u′

10°v ′
10° chromaticity diagram, ∆(u′

10°, v ′
10°)

was included as a contrast measure as well. The results demonstrated that both circularity
and homogeneity vary with temporal frequency, and the effect of frequency is different for
different observers. In addition, both measures showed that in general the DKL space is
somewhat more uniform than the LMS space. This finding is consistent with Chapter 6, in
which the DKL space was considered a good option to improve the temporal uniformity of a
color space. When it comes to the comparison between ICO-based cone fundamentals and
SS cone fundamentals, the ICO-based cone fundamentals improved the temporal uniformity
of the color space both locally and globally, as expected.

However contrary to our expectations, the u′
10°v ′

10° color space has overall the best circu-
larity and homogeneity. The latter may have three possible explanations. First, the chromatic
stimuli used in the experiment were defined in the u′

10°v ′
10° color space, which means that

the sinusoidal modulations in color followed a predictable path in this color space, but not
necessarily in the LMS-based or DKL-based color spaces defined with standard or individ-
ual cone fundamentals. Ideally, if we wanted to analyze the chromatic flicker detection
thresholds in a cone fundamental color space, we should have modulated the stimuli in that
same color space. However, this is essentially a circular reasoning because we could not
define isoluminant chromatic fluctuations in these cone fundamental color spaces, since
the first experiment determined isoluminance ratios in the u′

10°v ′
10° color space. Second, the

color spaces based on cone fundamentals should take into account the degree of chromatic
adaptation of the human visual system when describing the perception of stimuli. We did
not include chromatic adaptation in our descriptions, since it is not clear yet how to do
that for chromatically modulated stimuli. Neglecting chromatic adaptation may thus be a
reason why the description of the flicker detection thresholds does not result in a temporally
uniform color space. Third, we used an implementation of the DKL-based color space, in
which we added one weighting factor to weight the contribution of the M-cones with respect
to the L-cones (see Equation 7.15). Further optimization of circularity and homogeneity
may be achieved by adding other weighting factors, for example to weight the contribution
(L−M) with respect to (L+w ×M). Whether this refinement is needed, will be investigated
in our future research.

In summary, the quantitative measures of circularity and homogeneity are helpful for
developing a (temporally) uniform color space in future, as they can be adopted to construct
cost functions in maximizing uniformity measures. In addition, those measures can facilitate
the comparison of uniformity across different color spaces.

7.5.3. FREQUENCY-CONSISTENCY

Frequency-consistency refers to the property that the effect of temporal frequency should be
modeled consistently over all color points and modulation directions, despite that the actual
value of the thresholds themselves may depend on temporal frequency. We found that the
effect of frequency could be modeled by an exponential function (i.e., Equation 7.18) when
taking the reciprocal of the contrast measures as representation of the contrast sensitivity.
However, the intercepts and slopes were dependent on the base color and modulation
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direction for all the three color spaces (i.e., the u′
10°v ′

10°, LMS-, and DKL-based color spaces)
tested above. This means that a more elaborate color space is needed to make its shape
independent of modulation frequency.

7.5.4. INDIVIDUAL DIFFERENCES

It is known that there are many sources that lead to individual differences in human color
vision, such as age [5] and the relative amount of different cones [38]. The three partici-
pants had a good representation of the variance in the isoluminance ratios measured in
Experiment 1, thus their results are expected to give insight into the impact of individual
differences in cone fundamentals on the sensitivity to chromatic modulations. Similar to
circularity and homogeneity, a quantitative measure, defined in Equation 7.19, was proposed
to estimate individual differences. A direct application of such a measure is to quantify the
overall difference in sensitivity to chromatic temporal modulations between individuals.
As expected, using individual cone fundamentals resulted in smaller individual differences
than using a standard observer description.

7.5.5. ADAPTATION

Adaptation in the visual system is fundamental and ubiquitous [155]. Results of light/dark
adaptation [70] and chromatic adaptation [108] have been widely documented. Adaptation
in real-life vision is seldom complete, and the degree of adaptation depends on many things,
including amongst others the field of view [83]. Currently, there is no good model to compute
the degree of chromatic adaptation for temporally modulated colored stimuli. Thus, in our
experiments, the stimuli were divided into different blocks with a fixed base color, to keep the
chromatic adaptation point as constant as possible. Since the cone responses are related to
the degree of adaptation, to better capture this nature, a contrast term that takes adaptation
into consideration should be evaluated in future work.

The visual system is also known to adapt to the dynamics of light, such as flicker. Flicker
adaptation has been described in literature [122], but the model for predicting it is still
lacking. In our study, we presented an unmodulated two-minute stimulus of a fixed color
before the measurement of the detection threshold of chromatic flicker in order to avoid
that participants gradually adapted to flicker during the experiment. Nonetheless, uncon-
trolled effects of adaptation may have affected our experimental results, and attempts to
disentangle better adaptation from the measurement of the perceived dynamics of colored
light transitions may benefit the development of a temporally uniform color space.

7.6. CONCLUSION
In this study, individual cone fundamentals were estimated, and quantitative measures were
proposed to describe the local and global uniformity (i.e., circularity and homogeneity) of
color spaces and the impact of individual differences. The individual cone fundamentals
were calculated based on the individual isoluminance ratios and were found to outperform
the standard observer cone fundamentals in terms of describing the isoluminance data.

In general, the DKL color space is somewhat more uniform than the LMS color space and
the ICO-based cone fundamentals improve both the circularity and homogeneity. However,
contrary to our expectations, the u′

10°v ′
10° color space has overall the best circularity and

homogeneity. In all color spaces, substantial individual differences were found: these

125



7

MODELING SENSITIVITY TO CHROMATIC TEMPORAL MODULATIONS USING INDIVIDUAL

CONE FUNDAMENTALS

individual differences were largest in the u′
10°v ′

10° color space and smallest in the DKL
color space. For both the LMS and DKL color space, individual differences were smaller
when using ICO-based cone fundamentals than when using the standard observer cone
fundamentals.

The data of the visibility thresholds for chromatic flicker confirmed the usefulness of an
exponential function to model TCSFs, when expressing the sensitivity in the u′

10°v ′
10°, LMS,

and DKL color spaces. However, these color spaces are not able to eliminate the effect of
base color and modulation direction on the intercepts and slopes of the TCSFs. Therefore,
further modeling is needed to design a (more) perceptually uniform temporal color space
that enables the design of dynamic color transitions that are pleasant for all observers.
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LED lighting has been a game-changer in both academia and industry. Besides its widely
known advantages, such as energy-saving and a small form factor, the fast temporal response
of LEDs has brought both challenges and opportunities. LEDs enable researchers to generate
well-controlled spatio-temporal stimuli for both fundamental and applied vision research,
while companies can implement dynamic features in their products. However, a model that
predicts how the human visual system responds to dynamic colored stimuli is still lacking. A
new temporally uniform color space is of vital importance to ensure high-quality dynamic
lighting, which means that the light should fulfill at least three criteria: (1) it should have an
attractive color transition from one color to another, (2) the transition should appear to be
smooth, and (3) it should have a controllable perceived speed.

In Chapter 1 and Chapter 2 we explained the challenges to build a temporal model and
relevant background information is given. Establishing a temporally uniform color space is
a task too big for a single PhD-project. However, with this long-term goal in mind, several
psychophysical experiments were carried out, addressing specifically the last two aspects
of high-quality dynamics - the perceived smoothness and speed of a colored light transi-
tion. As CIELAB is considered as one of the most (spatially) uniform color spaces available,
it was chosen to generate most stimuli for our psychophysical experiments. Specifically,
Delta-E-per-second in CIELAB was used to describe the modulation speed of a temporal
color transition over time. In Chapter 3 and Chapter 4, we investigated the effect of mod-
ulation direction (i.e., chroma and hue) and location in the color space (i.e. base color)
on the perceived speed of a colored light transition defined in CIELAB under two different
viewing conditions. Two psychophysical experiments were conducted that differed in spatial
properties (such as the field-of-view and the surround of the stimulus), but both compared
the perceived speed of a pair of temporal color transitions that changed in chroma or hue
direction around five base colors. For each pair, subjects were asked to identify which transi-
tion appeared faster. The results were used to compute points of subjective equality (PSE)
between the transitions. Despite differences between the two experiments, consistent re-
sults were obtained. We adopted the standard deviations of PSEs to measure the uniformity
of different existing color spaces. It was no surprise that we did not find an existing color
space able to predict the results. However, with simple modifications, both CIELAB-based
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and cone-excitation based (such as DKL [12]) color spaces showed improved uniformity of
the perceived speed.

The results in Chapter 3 and Chapter 4 confirmed that CIELAB is not uniform in predict-
ing perceived speed of relatively slow temporal color transitions. In the rest of the chapters
the same effects of base color and modulation direction were measured for relatively fast
changes in color, perceived as chromatic flicker. To fasten data collection for the large
amount of data points needed to build a uniform color space, five psychophysical methods
were compared in terms of accuracy, precision, and efficiency in Chapter 5. In this compari-
son, we combined classical psychophysical methods with commonly used yes-no tasks and
two-alternative forced-choice (2AFC) tasks, resulting in the following five methods: 1) the
classical 1-up-1-down staircase method with a yes-no task, 2) the weighted 3-up-1-down
staircase method with a 2AFC task, 3) the method of constant stimuli with a 2AFC task,
4) the method of adjustment without a reference, and 5) the method of adjustment with
a reference. The conclusion was that the method of adjustment without a reference had
a good balance between accuracy and efficiency. In addition, this experiment gave first
insights in the effect of base color and frequency on the detection threshold of chromatic
flicker.

With the method selected from Chapter 5, we conducted the experiment presented in
Chapter 6 to extend the data on the effect of base color, modulation direction, and temporal
frequency on the visibility threshold of chromatic temporal modulations. It was found that
for any combination of base color and modulation direction, a single exponential function
was sufficient to model the effect of temporal frequency on the reciprocal of the chromatic
flicker visibility threshold (usually indicated as sensitivity). The resulted functions are
commonly referred to as Temporal Contrast Sensitivity Functions (TCSFs). The intercepts
and exponents of these functions depended on the specific base color and modulation
direction, which further confirmed the non-uniformity of the color space in which sensitivity
was defined. Moreover, for each condition, substantial individual differences were found not
only in terms of absolute detection threshold, but also in terms of its change with temporal
frequency (i.e., in terms of the intercept and exponent of the TCSF).

Although large individual differences are common in vision related psychophysical
experiments, the development of a uniform color space aims for applications assuming
an averaged (or standard) observer. Therefore, we recruited more participants for the
experiment discussed in Chapter 7. We measured their sensitivity to chromatic temporal
modulations, giving us insight in the variability in sensitivity. To disentangle individual
differences in luminance flicker from chromatic flicker, we split the experiment in two
parts. In the first part, we measured the isoluminance ratios (i.e., the luminance ratio
between two colors, needed to make them equal in perceived luminance) of chromatic
flicker stimuli using a technique similar to heterochromatic flicker photometry (HFP). The
isoluminance ratios were used to estimate individual cone spectral sensitivities based on an
adapted version of the Individual Colorimetric Observer (ICO) model of Asano, Fairchild, and
Blondé [5]. The adapted ICO model described the perceived luminance better than the cone
spectral sensitivities of the standard observer. In the second experiment, we measured the
temporal contrast sensitivity function for three participants that had substantially different
isoluminance ratios. The results give a first impression on the size of individual differences
in sensitivity to chromatic temporal modulations. In addition, we proposed two quantitative
measures, namely circularity and homogeneity to describe the local and global uniformity of
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a color space, respectively. With such measures, efforts were made to improve both local
uniformity and global uniformity of existing color spaces, with a particular focus on the cone
excitation spaces LMS and DKL, since they showed to be promising based on the results
of Chapter 3 and Chapter 4. Unfortunately, the adapted ICO models did not improve the
uniformity of existing color spaces sufficiently (compared to u′

10°v ′
10°), which might indicate

that more complicated models are needed.

8.1. LIMITATIONS AND GENERAL IMPLICATIONS

With the results summarized above we have addressed the research questions proposed
in Chapter 2. Unfortunately, we did not find the final answer to all questions with the
experiments we performed. This is partly due to the too many unknowns at the start of this
research. We here comment on a number of important limitations in the research we did.

8.1.1. CHOICE OF COLOR SPACE

The general goal of this thesis was to develop a temporally uniform color space to ensure
high-quality dynamic light. Although we were aware that literature had shown that existing
color spaces failed to predict human perception of dynamic colored light transitions, we
had to generate our stimuli in one of the existing color spaces. As such, we choose to use
Delta-E-per-second to define the speed of dynamic colored light transitions because CIELAB
was – and still is – known as a spatially uniform color space, and Delta-E is considered as a
good metric to quantify spatial color differences. Our results, however, confirm that CIELAB
is not an adequate color space to describe chromatic temporal transitions or modulations.
The consequence of nonetheless using CIELAB to generate “linear” chromatic transitions
or modulations is that they were not perceptually linear. We expect this effect to be more
pronounced for the slow transitions (for which we measured perceived speed) than for the
fast transitions (used to measure chromatic flicker), but for both the effect of the particular
choice of the color space on the measured results is not known.

For analyzing the results of our psychophysical experiments we also used the cone-
excitation spaces LMS and DKL. For transforming the spectral data of the stimuli to LMS
values we used the cone spectral sensitivities provided by Stockman and Sharpe [133]. The
transformation to DKL values, however, was not unambiguously defined in literature. At a
conceptual level, it is widely accepted that L-M represents the red-green opponent channel,
while S-(L+M) represents the yellow-blue opponent channel. However, when it comes to
computations, opinions are divided on how the cone-excitation signals should be combined.
Some literature indicates that the input from the different cones is ‘balanced’ [91, 114,
116, 138], which means that the weights for combining the different cone signals are the
same. Other literature states that the ratios for combining the components to the luminance
channel are primarily dependent on the individual [131], and that the luminance channel
is thus represented as L+1.5M, where the 1.5 is a group average. In the psychophysical
experiments we performed, we only corrected for individual isoluminance for fast changes
in color (i.e., chromatic flicker), as sensitivity to luminance modulation is higher than
sensitivity to chromatic temporal modulation above 4-5Hz [15]. As a result, we were able
to derive and adopt the individual weight w (in L+wM) from the isoluminance ratios we
collected. On the contrary, when modeling the slow temporal modulations the individual
isoluminance data were not available, and thus, we treated the opponent channels as
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balanced (i.e., L-M, S-(L+M)) instead of assigning an arbitrary value. The effect of this choice
on our data analysis and modeling in DKL space is still unknown.

8.1.2. ADAPTATION
Adaptation in the visual system is fundamental and ubiquitous [155]. Results of light/dark
adaptation [70] and chromatic adaptation [108] have been widely documented. Adaptation
in real-life vision is seldom complete, and the degree of adaptation depends on many things,
including amongst others the field of view [83]. The visual system is also known to adapt
to the dynamics of light, such as flicker. Flicker adaptation has been described in literature
[122], but the model for predicting it is still lacking.

Due to the nature of our psychophysical experiments, participants continuously adapted
to the luminance, chromaticity and flicker of our stimuli in a largely uncontrolled way.
We included attempts to minimize the effect of adaptation during our experiments. For
instance, in one of the experiments in Chapter 3 we showed a ten-second 4000 K constant
illumination between the test stimulus and the reference stimulus in order to avoid the
effect of adaptation to one stimulus on the perception of the next stimulus. Similarly, in the
experiment of Chapter 5, we presented an unmodulated two-minute stimulus of a fixed
color before the measurement of the detection threshold of chromatic flicker in order to
avoid that participants gradually adapted to flicker during the experiment. Nonetheless,
uncontrolled effects of adaptation may have affected our experimental results, and attempts
to better disentangle adaptation from the measurement of the perceived dynamics of colored
light transitions may benefit the development of a temporally uniform color space.

8.1.3. INDIVIDUAL DIFFERENCES AND THE USE OF INDIVIDUAL ISOLUMI-
NANCE

Individual differences in visual perception are not surprising and can have several causes.
From a physiological point of view, individual differences in vision can be explained by
differences in pre-receptoral screening (i.e., related to the density of the lens and macular
pigment), differences in photopigment and cone ratios, and post-receptoral differences [94,
154]. Many studies have focused on explaining where individual differences originate from.
Though very relevant and of great value in itself, these studies are insufficient to understand
how important individual differences are in real applications, such as for designing temporal
color transitions that are meant to be pleasant for each individual observer. For that reason
we also looked into individual differences in chromatic flicker visibility.

Despite the existence of substantial individual differences, advances in visual percep-
tion and its application are often based on the development of models for the standard
observer, which is usually determined as a group average of empirical data transformed
into a mathematical model. The concept of a standard observer has been used to describe
various properties of human vision, such as luminance (i.e., the standard photopic lumi-
nous observer, characterized by the luminous efficiency function), chromaticity (i.e., the
standard colorimetric observer, characterized by Color Matching Functions, CMFs) and
spatial contrast (i.e., the standard spatial observer, defined by [149]). It would be valuable
to define a standard temporal observer for describing perceived temporal contrast. This
standard observer could then be used to develop a temporal color space.

It is important though to realize that a standard observer is different from any real
observer [69], since individuals differ in their perception. The Individual Colorimetric
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Observer (ICO) model proposed by Asano, Fairchild, and Blondé [5] has greatly extended
the freedom to vary the CIE 2006 Physiological Observer (CIEPO06) [69] for the purpose of
looking into individual differences on color perception. To the best of our knowledge, those
models on individual differences are mostly limited to the level of photoreceptors. Much
less is known on individual differences at the post-photoreceptor processing levels.

The discussion on individual versus averaged observers has multiple entrances in this
thesis. Obviously, from a scientific point of view our experimental results are aimed to
contribute to the establishment of a standard temporal observer. Yet from an application
point of view, one needs to know possible variation around the group average in order to
know how to design temporal chromatic transitions that are pleasant to everyone. Therefore,
we also looked into individual differences. For defining our stimuli, however, we again made
use of standard observer models, for example those on which the CIELAB color space is
based. Using this color space, we defined dynamic colored light that changed in chromaticity,
while keeping the luminance constant. To do so, we used the standard photopic luminous
observer, characterized by the luminous efficiency function [V (λ)]. Individual observers,
however, have a different photopic luminous function, and thus constant luminance does
not assure individual isoluminance. So, for our experiments, ideally, all stimuli should be
corrected to be individually isoluminant. However, in practice, it is very time-consuming
to measure each observer’s photopic luminous function. Literature has pointed out that
for slower temporal transitions below 4-5 Hz, human subjects are far more sensitive to
chromatic modulation than luminance modulation [15]. Thus, for the experiments carried
out in Chapter 3 and Chapter 4 (with a temporal frequency of 0.33 Hz) and Chapter 5 (with
temporal frequencies of 2 Hz and 4 Hz), we did not implement individual isoluminance
corrections. For the experiments carried out in Chapter 6 and Chapter 7, on the other
hand, chromatic flicker thresholds were measured for higher frequencies (i.e., between
8 Hz and 25 Hz), and thus individual isoluminance corrections were more relevant, and
hence applied. However, instead of measuring the full photopic luminous function, we
used a method similar to heterochromatic flicker photometry (HFP). We measured the
luminance ratio needed to make a modulation between two extreme colors at a temporal
frequency of 25 Hz with a fixed amplitude (i.e., ∆(u′, v ′) = 0.05) perceptually constant.
With these results our chromatic flicker stimuli could be designed isoluminant, though
in principle only at the measured amplitude of ∆(u′, v ′) = 0.05, and so not necessarily at
other amplitudes. The results of a pilot study, in which three amplitudes were measured
(i.e., ∆(u′, v ′) = 0.01,0.03and0.05) revealed a linear relation between the amplitude of the
chromatic modulation and the logarithm of the corresponding isoluminance ratio. Hence,
we adopted a linear interpolation to determine the individual luminance ratio for each
specific amplitude. This may, however, have resulted in some inaccuracies.

8.1.4. FIELD OF VIEW, THE INTERACTION OF CENTRAL VISION AND PERIPH-
ERAL VISION

For general applications, temporal dynamics are more realistically represented with a room-
size field of view. As a consequence, central and peripheral vision interfere. In Chapter 3,
the psychophysical experiment was conducted with a room-size field of view. However,
since it is still unknown how peripheral and central vision interact in such a field of view,
this experimental choice introduced uncertainty. Due to the spatial distribution of rods and
cones in the retina, CMFs for a 2-degree and a 10-degree field of view have been developed,
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where the former merely represents central vision, and the latter is affected by peripheral
vision as well. There is no strict requirement that the stimulus can only have a size of
either 2 degrees or 10 degrees. For practical purposes, one uses the 10-degree CMFs if the
stimulus covers more than 2 degrees. Obviously, this is an approximation since it does not
account for the amount of peripheral vision that contributes to central vision. To reduce that
uncertainty, we have limited ourselves to a 10-degree field of view in Chapter 4, Chapter 5
and Chapter 6, but this clearly does not guarantee that our results represent perception of
colored transitions in full rooms.

Apart from the four major limitations discussed above, we faced additional issues with
our experimental studies. Since we are convinced that these remaining points have had less
impact on the results of our study, we discuss them less extensively.

8.1.5. LIMITATIONS OF THE HARDWARE

LED-based systems usually provide easy-controllable and accurate colorimetric reproduc-
tion of intended colors. However, many LED-based lighting systems also still suffer from
color shifts during use as a consequence of temperature changes (i.e., heating). For example,
for the system used in Chapter 5 color shifts could be as large as 0.006 ∆(u′, v ′) over the
course of one hour. Such a color shift is perceivable, and as such the colorimetric point
presented could be perceived as different from the intended one. To alleviate this issue, we
allowed the LED system to properly warm-up before the start of any experimental session.
In that case, the color coordinates measured during one hour were cluttered well with color
differences of approximately 0.0012 ∆(u′, v ′), which is imperceivable.

8.1.6. PSYCHOPHYSICAL EXPERIMENTS

Psychophysics has a history of about 160 years since Fechner [24] proposed the classical
psychophysical methods. Since then, hundreds of psychophysical methods have been devel-
oped and become common use, such as methods based on the signal detection theory (SDT)
or parametric adaptive procedures (e.g., PEST [137]; [153]). Research on psychophysics is
still going on, and new, more efficient adaptive procedures are still popping out. For exam-
ple, QUEST Plus [150] was proposed in 2017 and is considered as an efficient and accurate
method. Despite the many choices to be made in psychophysics, the criteria for comparing
different methods, being accuracy, precision, and efficiency, remain valid. Evaluating those
criteria with newer methods would definitely have added value to the current thesis.

8.2. FUTURE WORK
Our experimental studies are a first step towards developing a uniform temporal color space
based on a standard temporal observer, but we are not there yet. The limitations discussed
above illustrate the complexity we faced in the process of developing such a color space. As
such these limitations also clearly point to directions for further research. The historical
development of spatial color spaces in terms of improved uniformity has inspired us in many
ways. For example, the MacAdam ellipses were redesigned to become more circular in the
CIE 1976 UCS color space than in the CIE 1931 xy chromaticity diagram. In addition, the sizes
of the ellipses at different base colors were made more similar by defining CIELAB. Using the
same rationale, for a temporal uniform color space, each temporal frequency-dependent
ellipse should be more circular and have a consistent shape at different locations in the color
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space. We have quantified those two aspects as circularity and homogeneity, respectively, to
describe the local and global uniformity of a color space. Based on the limitations described
above we have prioritized some specific directions of research to improve the circularity and
homogeneity of a temporal color space.

8.2.1. IMPROVED METHOD FOR ESTIMATING INDIVIDUAL CONE FUNDAMEN-
TALS

In Chapter 7, we improved the ICO model, by adding a parameter w to the CIEPO06 chro-
matic model, where w represents the relative weight between L- and M-cone spectral
sensitivities. In the optimization procedure for deriving individual cone fundamentals, we
used the isoluminance ratios, by assuming that the S-cone did not contribute to the lumi-
nance channel, which is a widely accepted assumption. The attempt to use the ICO model
to improve circularity and homogeneity of a LMS-based temporal color space was not a
success, probably because individual sensitivities of S-cones could not be derived. Andersen,
Finlayson, and Connah [4] proposed to estimate individual cone fundamentals from their
color matching functions. We did, however, not choose for this approach, since measuring
individual color matching functions is considerably more tedious and time-consuming
than using HFP. Although our approach resulted in a better-than-average estimation of
the individual cone fundamentals, more research should be done on developing an effi-
cient and accurate method to estimate the individual cone fundamentals. Suppose such a
method is developed, the next step is to explore whether the weight between L- and M-cone
spectral sensitivities alone is sufficient. If not, individually tuned weights at post-opponent
processing may be considered.

8.2.2. IMPROVED COLOR SPACE

In Chapter 7, the detection thresholds of chromatic temporal modulations were expressed
in different color spaces, i.e.,u′, v ′-chromaticity diagram, the LMS-based color space, and
the DKL-based color space, computed with both Stockman-Sharpe (SS) cone fundamentals
and ICO-based fundamentals. However, contrary to our expectations, the u′, v ′-chromaticity
diagram has overall the best circularity and homogeneity. The results suggest that different
(or more complicated) forms of contrast measures, so not only limited to cone-contrast
based measures and DKL-like measures, should be systematically investigated. Besides, as
mentioned above, this should be explored in combination with balanced or unbalanced ways
of signal coupling between the (LMS or DKL) channels. For example, one could consider the
weighting factors in the yellow-blue opponent processing channel S − (αL+βM), but that
would also require the development of an algorithm to determine the values of α and β.

8.2.3. ADAPTATION

As mentioned earlier, the knowledge on chromatic adaptation to dynamic stimuli is very
limited, and definitely insufficient to understand and model the impact of continuous
adaptation to the measurement of visibility thresholds for temporal chromatic modulations.
In addition, not only chromatic adaptation, but also flicker adaptation may have had some
influence on our findings. Therefore, we need additional experiments to measure the degree
of adaptation to dynamic chromatic stimuli. These experiments will have to measure the
time course of adaptation for different temporal modulations, varying in amplitude and
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frequency. The measured speed of adaption will give insight in how big its effect on our
findings might have been. If applicable, adaptation related parameters can be added to the
temporal color space model to improve its circularity and homogeneity.

8.3. SUMMARY OF CONTRIBUTIONS OF THE CURRENT THESIS AND

GENERAL IMPLICATIONS
Our long-term goal is to develop a temporally uniform color space. The main purpose
of having such a space is that light designers get means to design temporal colored light
transitions with a controllable perceived speed. To address this research goal, several
psychophysical experiments were designed to collect data on: 1) the perceived speed of
temporal color transitions around different base color points in different directions; and
2) the detection threshold of chromatic flicker at different base color points, modulation
directions and temporal frequencies. Those data confirmed that existing color spaces were
not able to predict the perception of temporal colored light transitions in a uniform way.
Therefore, those data were used to adapt existing color spaces towards a temporally uniform
color space. Although these adaptations did not yield a sufficiently uniform temporal color
space, our modeling efforts have provided valuable insights.

To the best of our knowledge, our dataset on speed perception and flicker visibility of
temporally modulated chromatic light is unique in its kind. It is a valuable dataset for the
scientific community, involved in developing a temporally uniform color space. It gives
insight in the impact of base color point, modulation direction and modulation frequency
on the temporal sensitivity, and provides a first estimate of individual differences in this
sensitivity. To quantify uniformity of a color space, we defined a mathematical expression
for the local uniformity (i.e., circularity) and global uniformity (i.e., homogeneity). These
measures may be used by standardization bodies to compare the performance of different
color spaces.

For the community of light designers, despite the unavailability of a temporally uniform
color space yet, some general knowledge may be extracted from our experimental findings.
For example, colored light transitions that change in hue need much smaller steps (at a
fixed time interval) in the yellow and purple regions of a color space than in the red, green,
and blue regions, to have the same perceived speed. When it comes to changes along the
chroma direction, larger steps are needed in the yellow and purple regions than in the red,
green, and blue regions to have the same perceived speed. This knowledge enables lighting
designers to control the speed and smoothen the perception of any change in colored light.
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Summary

LED (light-emitting diode) technology has unleashed new options for both general lighting
and decorative lighting, partly because of its fast temporal response enabling inexpensive
ways to create dynamic colored light. The speed of those dynamics can range from very fast
(i.e., only the colors at the start and the end of the transition are perceived) to very slow (i.e.,
the transition is hardly noticeable). To make these dynamics attractive to observers, the light
should change smoothly over time in luminance and/or chromaticity, and at the desired
perceived rate of change. To achieve this, one needs a color space in which temporal color
differences can be described uniformly from a perception perspective. As such, this project’s
long-term goal is to develop a temporal uniform color space to create smooth dynamic light
effects with well-defined perceived speed.

Establishing a temporally uniform color space is a task too big for a single PhD-project.
However, with this long-term goal in mind, several psychophysical experiments were carried
out, addressing specifically one aspect of high-quality dynamics - the perceived speed of
a colored light transition. We sought inspiration in the historical development of spatially
uniform color spaces and designed a series of psychophysical experiments to approach our
goal. Those psychophysical experiments addressed the following research questions: (1)
what is the effect of modulation direction and location in the color space on the perceived
speed of a colored light transition; (2) what is an efficient yet accurate and precise method
for measuring perceived flicker of colored light modulations; (3) how can we model the
effect of temporal frequency on chromatic flicker visibility for a wide range of base colors
and chromatic modulations; (4) what is a suitable contrast measure to describe temporal
contrast sensitivity functions (TCSFs); and (5) can we reduce individual differences in TCSFs
by taking into account individual cone spectral sensitivities?

In Chapter 3, we compared the perceived speed of periodic temporal transitions in
CIELAB chroma and hue directions around five base colors (i.e., the five Munsell hues: 5R
(red), 5Y (yellow), 5G (green), 5B (blue), and 5P (purple)). The experiment was conducted
with stimuli consisting of full-room illumination. In sequential paired presentations, ob-
servers were asked to identify which transition appeared faster, and points of subjective
equality between transitions were computed. We found that ∆E∗

ab/s in CIELAB was not suit-
able for describing the perceived speed of temporal color changes in full-room illumination,
since, for example, two hue transitions with the same physical speed of change, in terms
of ∆E∗

ab/s, were not perceived as changing at the same speed. This result confirmed that
CIELAB, designed to characterize spatial color differences, was insufficiently accurate to pre-
dict the perception of temporal color transitions in illumination. Our results demonstrated

The developments and updates of the thesis, together with the source codes re-
lated to the Ph.D. project is available at: https://github.com/kongfundamentals/
Modeling-the-Temporal-Behavior-of-Human-Color-Vision-for-Lighting-Applications.
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SUMMARY

that more uniformity was achieved by improving available color spaces such as CIELAB and
DKL simply by introducing scaling factors between the axes spanning the color space.

In Chapter 4, we extended the stimuli to understand better how to improve the temporal
uniformity of CIELAB further. The stimuli were presented in a square of 4.3° visual angle
surrounded by a 4000 K adaptation field, which is a similar viewing condition as for which
CIELAB was designed. The observers viewed pairs of temporal color transitions which were
presented sequentially and were asked to select the one that appeared to change faster. The
results confirmed that also under these conditions, CIELAB was not temporally uniform.
We presented preliminary attempts to improve the temporal uniformity for both CIELAB
and cone-excitation spaces (i.e., LMS and DKL). Despite the different viewing conditions in
the experiments of Chapter 3 and Chapter 4, the results for optimizing the scaling factors
were in line with each other, which suggested the validity of the framework to improve the
temporal uniformity.

In Chapter 5, a multiple-session psychophysical experiment was carried out to compare
the accuracy, precision, and efficiency of five commonly used psychophysical methods for
measuring the detection threshold of chromatic flicker. The methods employed were: (1) the
classical 1-up-1-down staircase method with a yes-no task, (2) the weighted 3-up-1-down
staircase method with a 2AFC task, (3) the method of constant stimuli with a 2AFC task,
(4) the method of adjustment without reference, and (5) the method of adjustment with
reference. The chromatic flicker stimuli were temporally modulated with a square wave,
with the mean chromaticity of the two colors either 2700K, 4000K or 6500K, and the temporal
frequency 2 Hz or 4 Hz. We found that each method has its advantages and disadvantages.
We decided to continue the follow-up investigations using the method of adjustment without
a reference, as it is very efficient, it is quite accurate compared to the assumed ground truth
threshold, and the variance of the threshold is comparable to those of the other methods.

In Chapter 6, the modulation amplitude at which isoluminant chromatic flicker became
visible was measured for three observers using the method of adjustment. The isoluminant
stimuli were created for each observer individually, based on a technique similar to hete-
rochromatic flicker photometry. The chromatic flicker stimuli were sinusoidal modulations,
defined in the CIE 1976 UCS (u′, v ′) chromaticity diagram. To determine the flicker visi-
bility threshold we varied the amplitude of modulations along four modulation directions
around nine base colors and at seven different frequencies. The measured modulation
amplitudes at the threshold were expressed as 1/∆(u′, v ′), 1/∆LMS and 1/∆l ms, and the re-
sulting thresholds were plotted as a function of frequency, resulting in 36 contrast sensitivity
functions per observer, and were fitted with an exponential model. The model resulted in
an average R2-value higher than 0.93 for the three different measures of contrast sensitivity.
The two parameters of the model (i.e., the slope and intercept) were found to significantly
depend on the base color and direction of the chromatic modulation. This means that
∆(u′, v ′),∆LMS, and∆lms are insufficiently suitable to predict the sensitivity to temporal
chromatic modulations for different locations of the color space.

In Chapter 7, we collected data for the purpose of developing a temporal uniform
color space taking into account individual differences in cone spectral sensitivities. Two
psychophysical experiments were performed. In Experiment 1, we measured for fifteen
participants the ratio in luminance between the two extreme colors of 60 chromatic flicker
modulations at which the perceived flicker of that modulation was minimal. These so-called
isoluminance ratios were used to estimate individual cone spectral sensitivities based on an
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adapted version of the Individual Colorimetric Observer (ICO) model of Asano, Fairchild,
and Blondé [5]. The ICO model described the perceived luminance better than the cone
spectral sensitivities of the standard observer. In Experiment 2, we measured the temporal
contrast sensitivity at fifteen base colors, four modulation directions, and three temporal
frequencies for three participants that had substantially different isoluminance ratios. The
results gave a first impression on the size of individual differences in sensitivity to chromatic
temporal modulations. In addition, we defined two quantitative measures, i.e., circularity
and homogeneity, to describe the local and global uniformity of color spaces, respectively. In
general, the DKL space was somewhat more uniform than the LMS space. The ICO-based
cone fundamentals improved the temporal uniformity of the color spaces both locally and
globally. However, contrary to our expectations, the u′

10°, v ′
10° color space had overall the

best circularity and homogeneity.
Our dataset on speed perception and flicker visibility of temporally modulated chro-

matic light demonstrated the effect of base color, modulation direction, and modulation
frequency on the temporal sensitivity and provided a first estimate of individual differences
in this sensitivity. Furthermore, the data showed great potential to correct existing color
spaces towards a more temporally uniform color space. Although these corrections did not
yield a sufficiently uniform temporal color space yet, our modeling efforts have provided
valuable insights to light designers into how hue and chroma have to be changed in order to
control the perceived speed of colored light transitions. In addition, we recommend a local
uniformity (i.e., circularity) and global uniformity (i.e., homogeneity) measure to be used by
standardization bodies to compare the performance of different color spaces.
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